DUG  RLE  COPY  AaA058320 


DEVELOPMENT  OF  STANDARD  METHODS 
OF  TESTING  AND  ANALYZING 
FATIGUE  CRACK  GROWTH  RATE  DATA 


S.J.  HUDAK,  Jr. 
A.  SAXENA 
R.J.  BUCCI 
R.C.  MALCOLM 


WESTINGHOUSE  ELECTRIC  CORPORATION 
WESriNGHOUSE  R&D  CENTER 
PITTSBURGH,  PENNSYLVANIA  15235 


May  1978 


TECHNICAL  REPORT  AFML  TR  76-40 

Final  Rtporl  for  Pariod  Jon*  I975-D*c*inb*r  1977 


D D C 


fr 

ijTPfTaHinnr? 

i 

r 

y AUC  81  1918 

IklSEDTriS 

B 


Approvd  for  public  r*t*o»*;  dhtribution  unlimitmd. 


AIR  FORCE  MATERIALS  LABORATORY 

AIR  FORCE  SYSTEMS  COMMAND 

WRIGHT -PATTERSON  A/R  FORCE  BASE,  OHIO  45433 


rm 


oil 


s 


1 


flOTICE 


When  Government  cbyjuinga,  apeoifioatume,  or  other  data  are  ueed 
for  any  purpose  other  than  in  oormeotion  with  a definitely  related 
Government  proourment  operationt  the  United  States  Government  thereby 
inaure  no  responsibility  nor  any  obligation  whatsoeverj  and  the  foot 
that  the  government  may  have  formulal^,  fumiahedt  or  in  any  way 
eupplied  the  said  drawings » speoifioations,  or  other  datOj,  is  not  to 
be  regarded  by  impliaation  or  otherwise  as  in  any  manner  lioensing  the 
holder  or  any  other  peroon  or  oorporationt  or  conveying  any  rights  or 
pexrdasion  to  manufoature,  use,  or  sell  any  patent^  invention  that 
may  in  any  way  be  related  thereto. 


This  report  has  been  reviewed  by  the  Information  Office  (01)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS).  At 
NTISt  it  will  be  available  to  the  general  public,  including  foreign 
natione. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication , 


ALLAN  W.  GUNDERSON 
Engineering  and  Design  Data 
Materials  Integrity  Branch 


FOR  THE  COMMANDER 

THOMAS  D.  COOFErU 
Chief,  Materials  Integrity  Branch 
Systems  Suppdrt  Division 

"If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing 
list  or  if  the  addressee  is  no  longer  employed  by  your  organisation  please 
notify  AFML~MXA,W-PAFB,OH  464SS  to  help  us  maintain  a current  mailing  list. 

Copies  of  this  report  should  not  be  returned  unless  return  is  required  by 
security  considerations,  contractual  obligation,  or  notice  on  a specific 
document. 


C.  L,  HAmSWORTH 
Technical  Manager 
Engineering  and  Design  Data 
Materials  Integrity  Branch 


AIN  FONCE/9«7M/14  AUfUtt  lt7«  - 1188 


UNCLASSIFIED 

>SCUNtTV  CtAltiriCATIOt.'  OF  TH)*  PAOE  Dlt  KnIantO 


DOCUHENTATtON  PAGE 


i>.  OOVT  ACCEtdON  NO. 


READ  INSTRUCTIONS 
BEFORg  COMPI.ETINO  FORM 
nt'»  catalog  NUMoen 


naEVELOPMENT  OF^ANDARD-METHODS  OF  RESTING  .\ND 
AHALTfZINGJFATIGUE  CRACK^ROWTHJATE^DATA , 


, Jiud«kt  Jr.,  A.Jsazena. 
R.  J.^BuccljPfe.  C./Mslcolm 


9 


t.  PCNFONMINO  ONOAMIZATION  NAME  AND  AODNCSt 

^csllMKEOUllA  E,l«cTfI^"i:OTiJuvaMon 
Wcstlnghouce  R&D  Center 
Pittsburgh,  Penney Ivenla  15235 


10.  PNOONAM  ELEMENT.  PNO.IECT,  TASK 

ANEA  S WORK  UNIT  NUMI 


n.  CONTROLLINO  OFEICE  NA^E  ANO  ADDRESS 

Mx  Force  Materials  Laboratory 
Air  Force  Systens  Consnand 
Vrlght-Patterson  Air  Force  Base,  OH  45433 
TI~SoHrromvi)alla¥HS7ir}Mi~TToon€is(n~dn70nnnmmCeoitcJhni'oJiie^ 


Unclassified 


IS*.  DECL  ASSII-'ICATIOn/OOWNORAOINC 

schedule 


IS.  biSTRiSUTlON  statement  (et  thlt  HtpofI) 


Approved  for  public  release;  distribution  unlimited. 


t7>  OISTI^ISUTION  ITATCMCNT  (of  tho  obatrmet  ontorod  In  Block  70,  U dttforont  from  J?o|»orr; 


tt.  IU^PLCMCNTAHY  notks 

Two  of  the  co-authors  (Buccl  and  Malcolm)  are  affiliated  with  the 
Aluminum  Company  of  America,  Alcoa  Laboratories,  Alcoa  Center, 
Pennsylvania  15069 . 


1t<  KfV  WQltOl  ^ConrMuo  on  rot'oroo  cldo  If  noro&cory  ontf  Idontify  by  Mock  numbor) 

fatigue,  cracks,  growth,  fracture,  design,  testing,  ASTM,  standard, 
modeling 


APtTNACT  (ConCictuo  on  rooorco  oldn  It  nocoooorr  ond  IdontUy  by  Mock  nurtbor) 

Results  are  presented  which  provide  the  basis  for  the  development  of  an  ASTM 
standard  for  generating,  analyzing  and  presenting  fatigue  crack  growth  rate 
data.  Comprehensive  data  were  also  obtained  on  the  Individual  and  combined 
effects  of  load  ratio,  cyclic  frequency,  test  temperature  and  environment  on 
fatigue  crack  growth  rates  In  a lONi  steel  and  a 2219-T851  aluminum  alloy. 
These  data  are  used  to  demonstrate  the  utility  of  the  proposed  test  methods. 
A new  msthematlcal  representation  of  wide-range  fatigue  crack  growth  rate  d« 

lsalooprogosed^jAlchJha8^jidv«ntageB_o22L.2iSfj£SL-ESEi!££2!lHi£i2Sii 


nn  *'0’*'* 

IW  I JAN  7Z 


1473 


EDITION  OF  I NOV  M l«  OSfOLETC 


UNCLASSIFIED 


lECURITV  CLASSIFICATION  OF  THIS  PAGE 


The  prime  contractor  for  the  program  was  the  Westlnghouae 
Electric  Corporation,  R&D  Center,  Pittsburgh,  Pennsylvania  15235; 
portions  of  the  programs  were  conducted  by  The  Aluminum  Company  of 
America  and  Lehigh  University  on  subcontractor  bases.  The  Westlnghouse 
program  managers  were  E.  T.  Vessel  and  W.  G.  Clark,  Jr.  The  principle 
i;;ve8tlgator  for  Westlnghouse  was  S.  J.  Hudak,  Jr.,  the  principle 
Investigator  for  Alcoa  was  R.  J.  Bucci  and  the  principle  investigator 
for  Lehigh  was  R.  P.  Wei. 


The  authors  wish  to  express  their  appreciation  to  those 
individuals  (Table  3-1)  who  contributed  their  time  and  effort  to 
respond  to  the  test  method  questionnaire.  The  helpful  comments  on 
the  developing  test  methods  by  members  of  ASin  Task  Groups  £24.04.01 
and  E24.04.03  arc  also  greatly  appreciated.  Special  acknowledgments 
are  due  to  the  following  members  of  the  Task  Group  Steering  Committees 
for  their  constructive  suggestions  during  the  course  of  several  reviews 
of  the  test  methods: 

J.  K.  Donald  - Del  Research 


N>  E.  Dowling  - Westlnghouse  R&D  Center 

A.  W.  Gunderson  - Air  Force  Materials  Laboratory 

B.  M.  Kapadla  - U.S.  Steel  Research  Laboratory 


QO 


I A special  acknowledgment  is  also  due  to  W.  G.  Clark,  Jr.  of  Westlnghause 

who  initiated  and  led  the  initial  efforts  in  ASTM  to  standardize 
fatigue  crack  growth  rate  testing. 

L.  A.  James  of  Westlnghouse's  Hanford  Engineering  Development 
Laboratory  contributed  data  to  the  specimen  size  requirement  evaluation. 
The  fatigue  crack  growth  rate  tests  in  dry  argon  were  conducted  at 
Lehigh  University  under  the  direction  of  Prof.  R.  F.  Wei. 

Contributions  to  the  experimental  work  by  R.  B.  Hewlett, 

J.  H.  Taylor,  W.  H.  Halllgan  and  R.  C.  Brown  and  to  report  preparation 
by  R.  R.  Uovan  and  Donna  E.  Gongaware  of  Westlnghouse's  Structural 
Behavior  of  Materials  Department  are  greatly  appreciated.  G.  M.  Jouris 
of  Westlnghouse's  Mathematics  Department  assisted  the  regression  analysis 
and  mathematical  modeling. 

The  financial  support  of  the  Air  Force  Materials  Laboratory, 

Air  Force  Systems  Command,  Wright-Pat ter son  Air  Force  Base,  Ohio  and 
the  cooperation  of  Mr. Allan  W.  Gunderson,  the  Air  Force  Project  Engineer, 
is  most  gratefully  acknowledged.  We  would  also  like  to  thank  the 
Westlnghouse  Electric  Corporation  and  the  Alcoa  Corporation  for  supporting 
the  authors'  ASTM  committee  activities. 


Iv 


TABLE  OF  CONTENTS 


1.  SUMMARY 1 

2.  INTRODUCTION ^ 

3.  DEVELOPMENT  OF  STANDARD  TEST  METHODS 7 

3.1  Background  and  Approach 7 

3.2  Establishment  of  an  ASTM  Standard.  . . 9 

3.3  Recommendation  of  Future  Standardization  11 

3.4  Elastic  Compliance  for  Monitoring  Crack  Growth  12 

4.  FATIGUE  CRACK  GROWTH  TEST  RESULTS  17 

4.1  Materials 17 

4.2  Experimental  Procedures 18 

4.2.1  High  Growth  Rate  Test  Details 22 

4.2.2  Low  Growth  Rate  Test  Details 22 

4.2.3  Dry  Argon  Teat  Details 24 

4.3  Results  and  Discussion 24 

4.3.1  Effect  of  Specimen  Planar  Geometry/Selectlon 

of  Standard  Specimens  24 

4.3.2  Effect  of  Crack  Tunneling/Specimen  Thickness.  . . 30 

4.3.3  Effect  of  Gage  Length  in  CCT  Specimens 39 

4.3.4  Effect  of  Load  Ratio 46 

4.3.5  Interacting  Environmental,  Frequency  and 

Temperature  Effects  ...  54 

4. 3. 5.1  2219-T851  Aluminum  54 

4. 3. 5. 2 lONi  Steel 67 

4.3.6  Effect  of  Crack  Straightness 75 

4.4  Establishment  of  Specimen  Size  Requirements 78 

4.4.1  Results  on  lONl  Steel 79 

4.4.2  Survey  of  Results  on  Other  Materials 83 

4.4.3  Discussion  and  Recommendation  on  Specimen  Size 

Requirements 90 

5.  SPECIALIZED  PROCEDURES  FOR  LOW  GROWTH  RATE  TESTING 97 

5.1  Overview  of  Proposed  Methods 97 

5.2  K-Increaslng  Vs.  K-Decreaslng  Test  Methods  97 

5.3  Detecting  and  Eliminating  Transient  Effects 103 

5.3.1  Precracking  Procedure  103 

5.3.2  K-Increasing  Test  Procedure  107 

5.3.3  K>Decreaslng  Test  Procedure  107 

5.4  Frequency  Independence  of  da/dN  at  High  Frequencies.  . . 118 

5.5  Operational  Definition  of  the  Fatigue  Crack  Growth 

Threshold 120 


V 


TABLE  OF  CONIENTS  (concludud) 


?-«8« 

6.  DATA  ANALYSIS  PROCEDURES 121 

6.1  Computation  of  AK.  ..........  121 

6.2  Computation  of  da/dN 122 

6.2.1  Summary  and  Evaluation  of  Data  Processing 

Techniques 122 

6.2.2  Contributions  of  Crack  Length  Measurement 
Accuracy  and  Measurement  Interval  to  Variability 

in  da/dN 128 

7.  EVALUATION  OF  DATA  PRESENTATION  METHODS 135 

7.1  Graphical  Display.  135 

7.2  Tabular  Presentation  137 

7.3  Mathematical  Representation 136 

7.3.1  Hyperbolic-Sine  Model  138 

7.3.2  Inverse-Hyperbolic-Tangent  Model 139 

7.3.3  Three-Component  Model  141 

7.4  Regression  Analyses  of  Wide  Range  da/dN-AK  Data.  . . . 141 

7.4.1  Regression  with  the  Inverse-Hyperbolic-Tangent 

Model 143 

7.4.2  Regression  with  the  Three-Component  Model  . . . 145 

7.5  Cyclic  Life  Predictions  from  Wide-Range  da/dN-AK 

Models  151 

7.5.1  Comparisons  of  Predicted  and  Observed  Cyclic 

Lives  151 

7.5.2  Extrapolation  Errors  in  Life  Predictions.  . . . 157 

7.6  Modeling  Load  Ratio  Effects 159 

7.7  Mathematical  Modeling  — Summary  and  Recommendations  . 166 

8.  REFERENCES 168 

APPENDIX  I - Proposed  Method  of  Test  for  Steady-State 

Fatigue  Crack  Growth  Rates  ...  177 

APPENDIX  II  - Role  of  Crack-Tip  Stress  Relaxation  in  Fatigue 

Crack  Growth 221 

LIST  OF  ILLUSTRATIONS 

1-1  Flow  chart  Illustrating  interactions  among  the  five  phases 

of  the  program 6 

3-1  Planar  geometry  of  a compact  type  (CT)  specimen  showing  the 

various  locations  at  which  compliance  has  been  reported  . 15 

3- 2  Planar  geometry  of  WOL  specimen  showing  the  various 

deflection  measurement  locations 

4- 1  Compact  type  (CT)  fatigue  crack  growth  specimen  20 

4-2  Center  cracked  tension  (CCT)  specimens  for  fatigue  crack 
growth  rate  testing  under  a)  tens Ion- tens ion  loading  and 
b)  tension-compression  loading.  21 

Vi 


( 


LIST  OF  ILLUSTRATIONS  (continued ] 


Page 


4-3  Comparison  of  fatigue  crack  growth  rates  In  alloy  2219- 

T851  obtained  using  compact-type  (CT)  and  center-cracked- 
tension  (CCT)  specimens r . 25 

4-4  Effect  of  specimen  planar  geometry  on  low  fatigue  crack 

growth  rates 26 

4-5  Fatigue  crack  growth  rates  In  lONi  steel  obtained  from 

various  specimen  geometries  . . 27 

4-6  Comparisons  of  K— expressions  for  WOL  and  CT  specimens  as 

a function  of  relative  crack  length  29 

4-7  Extent  of  crack  tunneling  as  a function  of  crack  length 

for  specimens  of  various  thicknesses 31 

4-8  Effect  of  crack  tunneling  on  experimental  versus 

analytical  compliance  In  CT  specimens  32 

4-9  Influence  of  recommended  crack  tunneling  adjustment  on 

calculated  stress  intensity  factor,  K 34 

4-10  Fatigue  crack  growth  rates  In  ICNl  steel  showing  effect 

of  crack  tunneling  correction  . 37 

4-11  Fatigue  crack  growth  rates  in  several  thickness  of  alloy 

2219-T851  showing  crack  tunneling  correction 38 

4-12  Bolt  and  keyway  assembly  for  gripping  short  CCT  specimen.  40 

4-13  Elastic  compliance  of  CCT  specimens  with  various  gage 

lengths  (L)  and  gripping  methods 41 

4-14  Fatigue  crack  growth  rate  data  from  center-cracked-tension 
specimens  with  various  gage  lengths  (L)  and  gripping 
methods ^3 

4-15  Location  of  strain  gages  used  to  measure  the  extent  of 

bending  during  compressive  loading  of  a 4 In. -gage-length 
CCT  specimen 44 

4-16  Influence  of  load  ratio  on  wide  range  fatigue  crack  growth 

rate  for  2219-T851  aluminum  alloy  48 

4-17  Influence  of  load  ratio  on  wide  range  fatigue  crack  growth 

rate  for  lONl  steel 49 

4-18  Influence  of  a laboratory  air  environment  (40-60Z  RH)  on 

fatigue  crack  growth  rates  In  2219-T851  aluminum 55 

4-19  Effect  of  test  frequency  and  environment  on  fatigue  crack 

growth  rates  In  2219-T851  aluminum  at  R • 0.8 57 


4-20  Effect  of  temperature  on  fatigue  crack  growth  rates  In 

2219-T851  aluminum  tested  In  dry  argon 59 

4-21  Effect  of  temperature  on  fatigue  crack  growth  rates  in 
2219-T851  aluminum  tested  In  air  at  R * 0.8.  freq.  ■ 

200  Hz 60 


LIST  OF  ILLUSIRATIONS  (contlnutd) 


Pa^ 

4-22  Effect  of  temperature  on  fatigue  crack  growth  rates  In 
2219-T851  aluminum  tested  In  air  at  R - 0.8,  freq.  * 

0.10  Hz 61 

4-23  Effect  of  test  frequency  (f)  and  environment  on  the 
temperature  dependence  of  fatigue  crack  growth  rates 
In  2219-T851  aluminum  62 

4-24  Effect  of  temperature  on  fatigue  crack  growth  rates  In 
2219-T851  aluminum  tested  In  air  at  R ■ 0.1,  freq.  » 

0.10,  200  Hz.  . 64 

4-25  Effect  of  load  ratio  (R)  on  the  temperature  dependence 

of  fatigue  crack  growth  rates  In  2219-T851  aluminum  ...  65 

4-26  Effect  of  temperature  on  fatigue  crack  growth  rates  In 
2219-T851  aluminum  tested  In  air  at  R * -1,  freq.  * 

5 Hz 66 

4-27  Influence  of  a laboratory  air  environment  (40-60Z  RH) 

on  fatigue  crack  growth  rates  in  a lONl  steel 68 

4-28  Effect  of  temperature  on  fatigue  crack  growth  rates  In 
lONl  steel  tested  In  dry  argon  at  R - 0.8,  freq.  - 
20  Hz 69 

4-29  Effect  of  temperature  on  fatigue  crack  growth  rates  In 
lONl  steel  tested  in  laboratory  air  at  R ■ 0,8,  freq.  « 

5 Hz 70 

4-30  Effect  of  temperature  on  fatigue  crack  growth  rates  in 
lONl  steel  tested  in  laboratory  air  at  R ■ 0.8,  freq.  ■■ 

0.10,  200  Hz 71 

4-31  Effect  of  temperature  on  fatigue  crack  growth  rates  In 
lONl  steel  tested  In  laboratory  air  at  R • 0.1,  freq.  » 

0.10  , 200  Hz 72 

4-32  Effect  of  temperature  on  fatigue  erdek  growth  rates  In 
lONl  steel  tested  In  laboratory  air  at  R - 0.1,  freq. 

5 Hz 73 

4-33  Effect  of  temperature  on  fatigue  crack  growth  rates  in 
lONl  steel  tested  in  laboratory  air  at  R -1,  freq.  * 

5 Hz 74 

4-34  Influence  of  crack  straightness  on  fatigue  crack  growth 
rates  in  lONl  steel  tested  in  laboratory  air  at  various 
temperatures 76 

4-35  Effect  of  specimen  size  requirement  violations  on  fatigue 

crack  growth  rates  In  lONi  steel 80 

4-36  Measured  versus  elastically  calculated  specimen  deflections 
during  fatigue  crack  growth  test  on  lONl  steel  (Specimen 
lON-28) 81 


vlii 


LIST  OP  ILLUSTRATIONS  (continued) 


4-37  Measured  versus  elastically  calculated  specimen  deflections 
during  fatigue  crack  growth  test  on  lONl  steel  (Specimen 
lON-11) 82 

4-38  Fatigue  crack  growth  rate  data  on  annealed  304  stainless 

steel  Illustrated  geometry  Independence  85 

4-39  Fatigue  crack  growth  rate  data  on  anhealed  304  stainless 

steel  tested  at  lOOG^F 86 

4-40  Fatigue  crack  growth  rate  versus  stress  Intensity  for 

various  size  specimens  of  A533B  steel 87 

4-41  Fatigue  crack  growth  rate  versus  stress  Intensity  for 

various  size  specimens  of  A469,  Cl.  5 steel 88 

4-42  Measured  versus  elastically  calculated  specimen  deflections 

during  fatigue  crack  growth  test  on  A533B  steel  89 

4- 43  Schematic  of  Idealized  cyclic  and  monotonlc  plastic  zone 

sizes  for  various  load  ratios  (R)  and  degrees  of  cyclic 
hardening 95 

5- 1  Comparison  of  K-lncreaslng  and  K-decreasing  test  methods 

on  aluminum  alloy  2219-T851  at  R « 0.1  and  0.5 100 

5-2  Comparison  of  K-lncreaslng  and  K-decreaslng  test  methods 

on  aluminum  alloy  2219-T851  at  R ■ 0.3,  0.8  and-1 101 

5-3  Comparison  of  K-lncreaslng  and  K-decreaslng  test  methods  on 

lONl  steel  alloy  at  R 0.1,  0.5  and  0.8 102 

5-4  Anamalous  crack  growth  rate  data 105 

5-5  Relative  change  In  fatigue  crack  growth  threshold  after 

single  cycle  overloads  as  a function  of  the  relative  over- 
load for  two  alloys  and  various  stress  ratios  106 

5-6  Possible  crack  growth  rate  transient  phenomena  for  high 

to  low  block  loading  sequence  109 

5-7A  Effect  of  normalized  K-gradlent  to  determine  valid  K- 

decreaslng  test  data  for  aluminum  alloy  2219-T851  112 

5-7B  Effect  of  normalized  K-gradient  and  R-ratlo  on  the 

determination  of  valid  K-decreaslng  test  data  for  aluminum 
alloy  2219-T851 112 

5-8A  Effect  of  normalized  K-gradient  to  determine  valid  K- 

decreaslng  test  data  for  lONl  steel  alloy 113 

3-8B  Effect  of  normalized  K-gradlent  and  R-ratlo  on  the  deter- 
mination of  valid  K-decreaslng  test  data  for  lONl  steel 
alloy 113 

5-9  Low  fatigue  crack  growth  rates  obtained  using  K-decreaslng 

test  method 115 

lx 


LIST  OF  ILLUSTRATIONS  (continued) 


Page 


5-10  Low  fatigue  crack  growth  rates  obtained  using  K-decreaslng 

test  method 116 

5-11  Low  fatigue  crack  growth  rates  obtained  using  K-increasing 

and  K-decreaslng  test  methods 117 

5- 12  Effect  of  frequency  on  fatigue  crack  growth  rates  of  2219- 

T851  plate 119 

6- 1  Schematic  Illustration  of  various  data  processing 

techniques 127 

6- 2  Fatigue  crack  growth  rates  In  compact  specimens  containing 

artificial  defects  (data  analyzed  using  Incremental 
polynomial  method) . 129 

7- 1  Comparison  of  experimental  and  predicted  crack  growth  rate 

behavior  obtained  from  linear  and  non-linear  regression 
models 14A 

7-2  Influence  of  the  value  of  ni  and  n2  on  the  fit  obtained 

with  the  three-component  model 149 

7-3  Influence  of  the  value  of  Kc  on  the  fit  obtained  for 

2219-T851  aluminum  alloy  at  a load  ratio  of  0.8  using  the 
three-component  model  .....  150 

7-4  Comparison  of  the  observed  "a  vs.  N"  behavior  with  that 
predicted  by  the  integration  of  the  growth  rates  as 
represented  by  the  inverse-hyperbolic-tangent  model  for 
2219-T851  A1 153 

7-5  Comparison  of  the  observed  "a  vs.  N"  behavior  with  that 
predicted  by  the  Integration  of  the  growth  rates  as 
represented  by  the  three-component  model  for  2219-T851 
aluminum 154 


7-6  Comparison  of  the  observed  "a  vs.  N"  behavior  with  that 
predicted  by  the  Integration  of  the  growth  rates  as 
represented  by  the  three-component  model  for  lONl-steel  . 155 

7-7  Comparison  of  predicted  cyclic  life  behavior  from 

extrapolating  (-  10%  on  4K)  the  fits  obtained  by  the 
three-component  model  and  the  inverse-hyperbolic-tangent 
model.  The  solid  curve  represents  the  predicted  crack 
growth  behavior  obtained  from  a fit  over  a wider  range 
of  data  using  the  three  component  model.  1 ksi  (In)^ 


- 1.1  MPa  (m)ii 158 

7-8  Coefficients  A.  and  A2  in  the  three-component  model  as  a 

function  of  load  ratio,  R for  2219-T851  Al.  162 

7-9  Comparison  of  the  fitted  curves  obtained  from  the  three 


component  model  with  experimental  crack  growth  rate  data 

for  2219~'^8^1  aluminum  alloy  at  various  load  ratios  . . . 164 


X 


LIST  OF  ILLUSTRATIONS  (concluded) 


■j  Pafte 

I 7-10  Comparison  of  the  fitted  curves  obtained  from  the  three- 

component  model  with  experimental  data  for  a lONi  steel 
at  load  ratios  of  0.1  and  0.8 165 


LIST  OF  TABLES 

3-1  Laboratories  responding  to  crack  growth  questionnaires.  . 8 

3-2  Vote  tally  on  ASTM  ballot  E24.03  (77-3) 10 

3-3  Wide-Range  Elastic  Compliance  Expressions  for  CT  and  WOL 

specimens  13 

3- 4  Normalized  crack  length  as  a function  of  elastic  compliance 

for  CT  and  WOL  specimens 14 

4- 1  Chemical  composition  and  mechanical  properties  of  test 

materials  19 

4-2  Influence  of  crack  tunneling  in  CT  specimens  on  apparent 

fatigue  crack  growth  rate  35 

4-3  Strains  measured  at  various  locations  on  a CCT  specimen 

as  a result  of:  (a)  tensile  and  (b)  compressive  loads  . . 45 

4-4  Potential  Influence  of  various  flow  properties  on  current 

size  requirements  for  CT  specimens 92 


6-1  Influence  of  crack  length  measurement  Interval  (4a)  and 

measurement  error  (c)  on  accuracy  and  variability  associated 


with  data  processing 132 

6- 2  Influence  of  data  processing  bias  on  cyclic  life.  ....  134 

7- 1  Specimen  numbers  and  the  fatigue  crack  growth  rate  range 

covered  in  the  various  data  sets  used  for  regression 

analyses 142 

7-2  Regression  constants  for  Eq.  (7-5)  obtained  from  fatigue 

crack  growth  rate  data  on  2219-T851  A1  alloy  (R  0.1).  . 143 

7-3  Summary  of  data  regression  analysis  results  using  the 

three-component-model  147 

7-4  Load  and  crack  length  details  for  which  cyclic  lives  were 

predicted 152 


xl 


1.  SUMMARY 


Optimum  test  methods  for  determining  fatigue  crack  growth 
rates  have  been  developed  using  an  extensive  state-of-the-art  survey, 
experimental  and  analytical  results  of  this  study,  and  experience  from 
a previous  ASTM  Interlaboratory  test  program.  These  methods  define 
procedures  for  generating,  analyzing,  and  presenting  data.  The  data 
generation  procedures  are  specific  to  the  magnitude  of  the  growth 
rates  being  measured.  A document  describing  test  methods  for  use 
above  10  m/cycle  has  been  formulated  and  established  as  an  ASTM 
Tentative  Test  Method  (ASTM  E647-787).  In  addition,  a document  applicable 
to  both  high  and  low  growth  rates,  was  more  recently  formulated  and  Is 
currently  in  the  early  stages  of  ASTM  review.  This  consolidated  test 
method  Is  provided  herein  and  is  proposed  as  a modification  to  the 
aforementioned  standard. 

The  different  time  tables  followed  by  the  two  methods 
resulted  from  the  additional  development  effort  that  was  necessary  for 
low  growth  rate  testing.  Here  the  optimum  procedures  require  a 
specialized  decreasing  stress  Intensity  technique  consisting  of  either 
continuous  or  step  decreases  In  applied  cyclic  loads.  Experimentation 
was  used  to  define  acceptable  rates  of  load  shedding  during  the 
fatigue  crack  growth  test  which  ensure  that  resulting  data  are 
Independent  of  the  loading  history  and  efficiently  generated. 

High  growth  rate  tec  ting  consists  of  the  more  conventional  Increasing 
stress  Intensity  technique  for  which  constant-amplltxide-cycllc  loading 
Is  employed. 

Information  which  Is  common  to  both  high  and  low  growth 
rate  testing  Is  provided  on  specimen  preparation,  loading  fixtures, 
crack  length  measurement,  analysis  of  results,  data  presentation,  and 
reporting.  Results  from  this  study  were  used  to  establish  requirements 
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which  ensure  that  data  can  be  properly  analyzed  using  linear  elastic 
fracture  mechanics.  These  validity  requirements  consist  of  limits  on 
minimum  specimen  sizes , out-of-plane  cracking  and  nonstraight* through- 
thickness  cracking.  Definitions  of  terms  related  to  testing  were 
I also  formulated  Including  an  operational  deflnitl'^r.  of  the  threshold 

stress  intensity  for  fatigue  crack  growth. 

The  experimental  effort  of  this  program  also  provided  an 
assessment  of  the  Individual  and  combined  effects  of  load  ratio, 
cyclic  frequency,  test  temperature  and  environment  on  fatigue  crack 
growth  rates  in  a lONl  steel  and  a 2219-T851  aluminum  alloy. 

Load  ratio-effects  were  measured  over  a wide  range  of 
growth  rates  and  are  shown  to  be  specific  to  material  and  growth  rate 
regime.  These  effects  can  be  non-linear,  even  in  a given  growth 
rate  regime,  thereby  complicating  Interpolatlve  procedures.  The 
overall  dependence  of  fatigue  crack  growth  rates  on  load  ratio 
suggests  that  these  effects  are  controlled  by  several  different  underlying 
processes.  It  Is  demonstrated  that  a complete  physical  understanding 
of  fatigue  crack  growth  requires  consideration  of  various  crack  tip 
plasticity  phenomena.  Including  stress  relaxation  ahead  of  the  growing 
crack. 

Data  obtained  at  high  growth  rates  show  that  Interactions  of 
temperature  (from  -100®F  to  250®F),  frequency  (from  0.10  Hz  to  200  Hz) 
and  environment  (dry  argon  versus  laboratory  air)  can  result  In  an 
order  of  magnitude  change  In  growth  rates  In  2219-T831  aluminum.  When 
results  are  represented  In  the  form  of  an  Arrhenius  equation,  this 
Interaction  Is  characterized  by  an  apparent  activation  energy  for  crack 
growth  in  air  which  decreases  with  decreasing  test  frequency.  Comparison 
data  In  dry  argon  show  the  temperature-frequency  interaction  to  be 
caused  by  a sensitivity  of  the  growth  rates  to  water  vapor  In  the  air. 
Results  on  lONl  steel  were  qualitatively  similar;  however,  the  observed 
changes  In  growth  rates  were  never  more  than  a factor  of  two. 
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A td.de -range  mathematical  representation  of  fatigue  crack 
growth  rates  Is  proposed,  litis  new  mathematical  model  has  the  following 
advantages  over  existing  wide-range  representations: 

1)  It  consists  of  separate  components  which  correspond  to  the  three 
crack  growth  rate  regions  often  observed,  thereby  facilitating 
modeling  of  load  ratio  effects  which  depend  on  growth  rate  regime. 

2)  It  has  no  asympototlc  features,  thus  eliminating  the  prediction  of 
"false"  thresholds  for  fatigue  crack  growth  and  significant 
underestimates  of  cyclic  lives  at  low  growth  rates. 
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2 . INTRODUCTION 


The  fracture  mechanics  approach  to  the  evaluation  of  fatigue 
crack  growth  behavior  provides  a valuable  tool  for  establishing 
rational  material  selection  and  design  criteria  which  are  ersentlal 
to  assessing  structural  Integrity  and  preventing  failure.  This 
technology  provides  a systems  approach  to  structural  integrity  problems 
by  integrating  information  on  defect  characterization,  stress  analysis, 
and  materials  properties  consisting  of  fatigue  crack  growth  rate  data 
and  fracture  toughness  data.  A primary  limitation  to  the  use  of  this 
technology  has  been  the  ausence  of  a standardized  methodology  for  the 
generation  and  characterization  of  fatigue  crack  growth  rate  data. 

This  limitation  complicates  the  collection,  comparison,  and  Inter- 
laboratory exchange  of  data,  thereby  inhibiting  evaluation  of  the  effects 
of  pertinent  variables  (e.g.,  mean  stress,  temperature,  environment, 
test  frequency,  and  alloy  composition  and  mlcrostructure)  on  crack 
growth  rate  performance. 

The  Air  Force,  recognizing  the  need  to  overcome  this  limitation, 
sponsored  the  current  program  through  the  Air  Force  Materials  Laboratory, 
Wrlght-Fatterson  Air  Force  Base,  Ohio.  The  program  objective  was  to 
develop  a standard  fracture  mechanics  methodology  for  the  generation, 
analysis  and  presentation  of  fatigue  crack  growth  rate  data.  The  Intended 
use  of  this  standard  method  will  be  as  an  Air  Force  specification  as  well 
as  an  Industry-wide  standard.  Every  effort  was  made  to  coordinate  this 
program  with  the  activities  of  ASTM  In  this  same  area.  A similar 
coordinated  effort  between  NASA  and  ASTM  was  responsible  for  the  develop- 
ment of  the  ASTM  Standard  Method  of  Test  for  Plane  Strain-Fracture 
Toughness  of  Metallic  Materials  (Designation  E399)  which  Is  currently 
widely  used  by  the  Air  Force  and  industry. 
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The  scope  of  the  pi'ograsi  Is  limited  to  steady-state  fatigue 
crack  growth  rates  from  fatigue  threshold  behavior  to  crack  growth 
just  prior  to  the  onset  of  rapid,  unstable  fracture.  The  program  has 
evaluated  current  test  methods  as  well  as  developed  new  methods,  where 
appropriate,  iislng  both  analysis  and  experimentation.  The  experimental 
work  has  also  provided  extensive  Information  on  the  Individual  and 
combined  effect  of  temperature,  loading  frequency*  environment  and  stress 
ratio  on  the  fatigue  crack  growth  rate  behavior  of  two  materials  — a 
lONl  steel  and  a 2219-T851  aluminum  alloy. 

The  program  Is  organized  Into  five  phases  as  follows: 

• Phase  I - State-of-the-art  survey  of  fatigue  crack  growth 
testing  and  preparation  of  preliminary  test  method  drafts. 

(Section  3) 

• Phase  II  - Experimental  program  to  provide  a basis  for  the 
test  methods  , provide  a data  source  for  subsequent  analyses  and 
characterize  test  variables.  (Section  4 and  5) 

• Phase  III  - Review,  analysis,  and  selection  of  adequate  data 
processing  techniques.  (Section  6) 

• Phase  IV  - Evaluation  and  development  of  methods  for  data 
presentation.  (Section  7) 

• Phase  V - Synthesis  of  above  four  phases  Into  a recommended 
standard  methodology  for  generating,  processing,  and  presenting 
fatigue  crack  growth  rate  data.  (Section  3,  Appendix  I) 

Interaction  of  these  phases  In  the  current  program  is  llliutrated 
in  Fig.  1-1. 
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< Fig. 1-1  Flow  chart  llluatrating  Intaractlona  aaong  the  five  phaaes  of  the 

program. 
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3.  DEVELOPMENT  OF  STANDARD  TEST  METHODS 


3.1  Background  and  Approach 

An  esaentlal  first  step  toward  developing  a standard  test 
method  was  to  assess  the  current  state-of-the-art  for  generating, 
analyzing  and  reporting  fatigue  crack  growth  rate  Information.  This 
task  was  accomplished  by  conducting  a test  method  survey  which  consisted 
of  two  questionnaires  — one  on  high  growth  rate  testing 
(da/dN  > 10  ^ In. /cycle),  the  other  on  low  growth  rate  testing 
(da/dN  < 10  ^ In. /cycle).  Concurrently,  a brief  digest  of  a test 
method  was  formulated  based  largely  on  experience  acquired  from  an 
ASTM  cooperative,  Interlaboratory  test  program. (1)  The  Intent  of 
this  digest  was  to  define  a clear  starting  point  for  the  test  method 
development,  as  well  as  to  serve  as  a catalyst  for  comments  and  suggestions 
from  the  technical  community. 

The  survey  and  digest  was  distributed  to  57  individuals 
representing  49  laboratories  throughout  the  United  States,  Canada 
and  England.  Those  surveyed  consisted  primarily  of  U.S.  Air  Force 
contractors  and  members  of  ASTM  Committee’s  E24  on  Fracture  Testing 
and  E09  on  Fatigue.  Additional  participants  were  also  obtained  by 
publicizing  the  survey  at  ASTM  meetings.  Table  3-1  provides  a list  of 
indlviduala  and  laboratories  who  responded  to  the  survey.  In  some  cases 
individuals  from  the  same  laboratory  provided  consolidated  responses. 
Overall,  69Z  of  the  laboratories  surveyed  responded  to  the  high  growth 
rate  questionnaire  and  4SZ  responded  to  the  low  growth  rate  questionnaire. 

The  questionnaire  consisted  of  detailed  questions  which  were 
organized  Into  the  following  categories;  1)  General  Information, 

2)  Test  Speclsutn  Type  and  Preparation,  3)  Testing  Procedures, 

4)  Evaluation  of  Results,  5)  Determination  of  Growth  Rates,  6)  Reporting 
Data  and  7)  ComsMnts. 
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TABLE  3-1 


LABORATORIES  RESPONDING  TO  CRACK  GROWTH  QUESTIONNAIRES 


J.  M.  Barsom 

U.S.  Steel  Corp.,  Research  Laboratory 

R.  J.  Buccl/A.  B.  Thakker 

Alcoa  Laboratories 

0.  Buck/F.  D.  Frandaen 

Rockwell  International  Corp.,  Science 

Center 

P.  J.  Cain 

MTS  Syatens  Corp. 

J.  T.  Canmett 

Metcut  Research  Associates,  Inc. 

W.  T.  Chandler 

Rockwell  International  Corp., 

Rocketdyne  Dlv. 

T.  Crooker/G.  Yoder/V.  Sullivan 

Naval  Research  Laboratory 

E.  J.  Czyryca/H.  P.  Chu 

U.S.  Naval  Ship  R&D  Center 

D.  B.  Dawaon 

Sandla  Laboratories 

D.  H.  Dill/L.  F.  Impellizaeri/ 

McDonnell  Douglas  Corp. 

J.  J.  Slavlck 

C.  E.  Fedderaon 

Battelle's  Columbus  Laboratories 

J.  ?.  Gallagher/H.  D.  Stalnaker 

Wright-Pattereon  AFB,  AFFDL 

A.  Gunderaon 

Wrlght-Patterson  AFB,  AFML 

D.  Hale 

General  Electric  Co.,  San  Jose 

L.  Hall 

Boeing  Aerospace  Co.,  Research  & Eng.  Dlv. 

W.  D.  Hanna 

The  Aerospace  Corp. 

D.  W.  Hoeppner 

University  of  Missouri 

J.  P.  Horalcy 

The  Boeing  Co.,  Wichita 

S.  J.  Hudak,  Jr.  /J.  D.  Landea 

Westlnghouse  R&D  Center 

F.  A.  lannuzzl 

Southern  Research  Inst. 

L.  H.  Janes 

Westlnghouse  Hanford  Co. 

G.  A.  Mlller/H.  S.  Reemayndar 

Bethlehem  Steel  Corp.,  Research  Laboratories 

B . Nukher J ee 

Ontario  Hydro,  Ontario,  Canada 

J.  C.  Newman,  Jr. 

NASA  Langley  Research  Center 

J . O' Donnell 

Materials  Research  Laboratory 

G.  J.  Petrak 

University  of  Dayton  Research  Inst. 

D.  E.  Pettlt/J.  T.  Ryder/ 

Lockheed-Callfomla  Co. 

W.  E.  Krupp/J.  P.  Ssndlfer 

L.  P.  Pook 

National  Engrg.  Laboratory,  Glasgow, 

Scotland 

R.  R.  Seeley 

Babcock  & Wilcox  Company 

J.  F.  Throop 

Vatervllet  Arsenal,  Benet  Weapons 

Laboratory 

T.  H.  Topper 

University  of  Waterloo,  Ontario,  Canada 

F.  M.  Tovey 

Carrett-Alresearch  Co. 

R.  P.  Uel 

Lehigh  University 

R.  E.  Zlnkhan 

Reynolds  Metals  Co. 
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An  analysis  of  the  survey  responses  showed  a clear 
difference  In  the  state-of-the-art  of  testing  In  the  high  and 
low  growth  rate  regimes.  It  was  concluded  that  for  high  growth  rates 
there  was  sufficient  testing  experience  and  consistency  of  testing 
techniques  to  proceed  with  a detailed  draft  of  a test  method.  However, 
the  questionnaires  Indicated  a relative  lack  of  testing  experience 
below  growth  rates  of  10  In. /cycle  — especially  for  rates 
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approaching  a fatigue  threshold  at  about  10  in. /cycle.  Furthermore, 
test  methods  In  the  low  growth  rate  regime  varied  greatly  and  no 
consistent  definition  of  a fatigue  crack  growth  threshold  existed. 

Th-s  survey  results  also  identified  specific  areas,  even  at  high 
growth  rates,  which  were  In  need  of  development  — most  of  these  areas 
were  related  to  the  evaluation  of  data  validity  and  Included 
considerations  such  as  specimen  size  requirements,  limitations  on  out- 
of-plane  cracking  and  uneven  through- thickness  cracking,  and  procedures 
to  deal  with  through- thickness  crack  tunneling. 

A complete  summary  and  analysis  of  the  survey  response  Is 
contained  In  a report  previously  prepared  under  this  program,  Ref.  (2). 

3 . 2 Establishment  of  an  ASTM  Standard 

Although  the  precise  goal  of  this  program  was  to  develop 
fatigue  crack  growth  rate  test  methods  which  could  be  used  as  a U.S. 

Air  Force  specification,  the  developing  methods  have  been  concurrently 
pursued  as  an  ASTM  Standard  In  order  to  promote  the  utility  of  the  methods 
as  an  Industry-wide  concensus  standard.  This  approach  has  led  to  a 
more  rigorous  document  which  has  been  scrutinized  by  a large  number 
of  technical  experts . 

Because  of  the  difference  in  the  state-of-the-art  of  testing 
in  the  high  and  low  growth  rate  regimes,  the  test  method  developsient 
was  specific  to  growth  rate  regime  — thus,  the  pursuit  of  these 

methods  as  ASTM  Standards  followed  different  time  schedules.  f 

A detailed  method  for  determining  high  growth  rates  j 

was  prepared  and  has  undergone  reviews  within  ASTM.  This  'document  I 
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wcs  subsequently  transmitted  to  ASTM  for  balloting  as  a Tentative  Method 
* 

of  Test.  Concurrent  balloting  of  ASTM  Ccmnlttea  S2A  on  Fracture  Testing, 
Subcommittee  E2A.04  on  Subcrltical  Crack  Growth,  Subcommittee  E09.04  on 
Apparatus  and  Test  Methods  and  Subcommittee  £09.90,  the  executive  subcommittee 
of  Committee  E09  on  Fatigue,  was  completed  by  June  30,  1977.  A vote  tally 
is  provided  in  Table  3-2. 

TABLE  3-2 

VOTE  TALLY  ON  ASTM  BALLOT  E24.03  (77-3) 


Committee  E24  Subcommittee  E24.04 


Affirmative: 

124 

(64%) 

Affirmative: 

69  (77%) 

Negative : 

14 

(7%) 

Negative : 

8 (9%) 

Abstaining : 

57 

(29%) 

Abstaining : 

13  (14%) 

65.6%  Return  66.2%  Return 


Subcommittee  E09.04/E09.90 
Affirmative:  29  (53%) 

Negative:  6*  (11%) 

Abstaining:  20  (36%) 

61.8%  Return 

Note:  Five  of  these  votes  are  included  in  the  E24  negative  because  of 
joint  jnembership. 

As  indicated,  balloting  from  each  of  the  above  groups  satisfies  the  ASTM 

minimum  return  requirement  of  60Z  of  all  voting  members.  Final  action 

on  this  ballot.  Including  resolution  of  negative  votes,  was  completed  in 

March,  1978.  This  high  growth  rate  method,  entitled  "Tentative  Test  Method 

-8 

for  Constant-Load-Aaplitude  Fatigue  Crack  Growth  Rates  above  10  m/Cycle" 
and  designated  ASTM  E647-78T,  is  scheduled  for  publication  in  the  1978 
Annual  Book  of  ASTM  Standards.  Volume  10. 

f ' 

A draft  of  this  document  as  it  was  submitted  for  balloting  was  contained 
in  a previous  report  under  this  program.  Ref.  (3). 
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After  preparing  an  Initial  draft  of  a low  growth  rate  test 
method,  see  Ref.  (3>,  It  became  apparent  that  the  high  and  low  growth 
rate  methods  should  eventually  be  consolidated  since  many  features  were 
common  to  both  methods.  A consolidated  method  has  been  formulated  and  Is 
provided  in  Appendix  I of  this  report.  This  proposed  method  is  in  the 
initial  stages  of  review  within  ASTM  and  will  subsequently  be  pursued 
as  a modification  to  the  aforementioned  high  growth  rate  standard. 

Detailed  discussions  of  the  proposed  method  of  Appendix  I, 
including  the  basis  for  various  specifications  contained  in  the 
method,  are  given  in  subsequent  sections  of  this  report. 

3.3  Recommendations  on  Future  Standardization  Efforts 

It  is  not  surprising  that  input  from  the  test  method  survey 
indicated  that  the  most  Important  test  variable  is  the  environment 
in  which  the  fatigue  crack  growth  rate  test  is  conducted.  Since  these 
effects  are  specific  to  the  material-environment  system  and  since  no 
theory  with  quantitative  predictive  capability  exists  for  environment 
enhanced  fatigue  crack  growth,  current  efforts  in  this  area  largely 
consist  of  phenomenological  characterizations.  Conducting  fatigue 
crack  growth  tests  in  aggressive  environments,  which  must  be  contained 
around  the  specimen  and  chemically  controlled,  creates  additional 
testing  difficulties  which  were  beyond  the  scope  of  the  current  program. 

One  of  the  most  difficult  testing  problems  is  that  of 
acquiring  accurate  crack  length  measurements  on  specimens  which  are 
generally  obscured  from  view.  Defining  test  procedures  which  eliminate 
the  occurrence  of  significant  periods  of  non-steady-state  growth  rates 
is  also  a problem  which  requires  attention. In  addition, 
guidelines  for  acceptable  environmental  control  — including  tolerances 
on  the  control  of  temperature,  pressure  and  chemical  species,  and 
avoidance  of  unwanted  galvanic  effects  — need  to  be  formulated. 

These  tasks  are  formidable  •nd  will  require  the  efforts  of 
several  groups  having  different  areas  of  expertise. 
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3 . A Elastic  Compliance  Expressions  for  Monitoring  Crack  Growth 


A review  and  extension  of  Information  on  elastic  compliance 
for  compact  type  (CT) , center-cracked  tension  (CCT)  and  wedge-opening 
load  (WOL)  specimens  has  been  made.  Mathematical  expressions  have 
been  formulated  which  1)  enable  specimen  compliance  (or  Inversely, 
crack  length)  to  be  conveniently  computed  over  a vide  range  of 
relative  crack  length  and  2)  have  sufficient  accuracy  for  use  In 
monitoring  crack  length  during  crack  growth  tests.  An  algorithm  has  also 
been  developed  which  enables  these  results  to  be  utilized  for  convenient 
displacement  measurement  locations  on  the  specimens,  thus  accommodating 
a variety  of  extensometer  designs.  The  compliance  technique  for  monitoring 
crack  length  provides  an  alternative  to  visual  crack  length  measurements 
and  therefore  is  of  great  utility  for  testing  In  aggressive  environments 
where  visual  crack  length  measurements  may  be  Impossible.  This 
Information  Is  Intended  to  supplement  the  proposed  test  method. 

These  results  have  been  given  In  detail  In  a previous  report 

(3) 

prepared  under  this  program.  For  completeness,  results  for 

several  convenient  measurement  locations  are  provided  In  Table  3-3  and 
3-4.**  Table  3-3  lists  the  coefficients  of  the  equations  which  represent 
the  normalized  elastic  compliance,  BEVjj/P,  as  a function  of  the  relative 
crack  length,  a * a/W.  The  term  E Is  Young's  modulus  and  B is  the 
specimen  thickness;  measurement  locations  are  defined  In  Figs.  3-1  and  3-2. 
Table  3-4  provides  the  inverse  of  the  relationships  given  in  Table  3-3 
and  Is  conveneient  for  directly  calculating  crack  length  from  measurements 
of  applied  load  and  specimen  deflection  obtained  during  a crack  growth 
test . 
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4.  FATIGUE  CRACK  GROWTH  RATE  TEST  RESULTS 


Wide-range  fatigue  crack  growth  rate  data  were  generated  on  a 
190  ksl  yield  strength  lONl-SCo-lMo  steel  and  a 50  ksl  yield  strength 
2219-T851  aluminum  alloy.  The  objectives  of  the  experiments  were  to: 

1)  provide  support  for  the  general  utility  of  the  proposed  fatigue  crack 
growth  rate  test  method  of  Appendix  I,  2)  establish  a reliable  wide** 
range  data  base  for  use  in  fatigue  crack  growth  rate  modeling  and  3)  assess 
the  individual  and  combined  effects  of  load  ratio,  test  temperature  and 
cyclic  frequency  on  fatigue  crack  growth  rates. 

Results  on  the  effect  of  specimen  planar  geometry,  gage  length, 
thickness,  and  crack  tunneling  are  also  contained  In  this  section. 

Where  appropriate,  results  are  discussed  In  relation  to  the  proposed 
test  method  of  Appendix  1.  Information,  both  generated  In  this  study 
and  extracted  from  the  literature,  related  to  the  establishment  of 
specimen  size  requirements  Is  provided  In  Section  4.4. 

Additional  fatigue  crack  growth  rate  data  are  summarized  in 
Section  5 — these  data  were  obtained  while  developing  specialized  test 
techniques  necessary  for  measuring  low  growth  rates. 

4.1  Materials 

Two  materials  were  tested  In  this  program:  a 190  ksl  yield 
strength  lONl-SCo-lMo  steel  and  a 50  ksl  yield  strength  2219-'T851 
alumintxm  alloy.  The  lONl  steel  is  the  same  material  which  was 
previously  examined  as  part  of  an  ASTM  cooperative, Inter laboratory 
program  on  fatlgxie  crack  growth  rate  testing.  Thus,  further  testing 

of  this  material  In  the  current  program  provides  a natural  extension 
of  the  previous  work.. 
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Two  widely  different  structural  alloys  were  selected  for 
study,  rather  than  a single  material,  since  the  Influence  of  variables 
such  as  load  ratio  were  expected  to  be  material  dependent.  Thus, 
subsequent  analyses  of  the  data.  Including  fatigue  crack  growth  modeling, 
would  provide  more  general  results. 

The  lONl  steel  was  supplied  as  an  87**  by  59-  by  1 In. -thick  plate, 
^le  2219-T851  aluminum  was  supplied  as  a 59-  by  43-  by  3-3/16-ln. -thick 
plate.  The  chemical  composition  and  mech(.nl:al  properties  for  the  two 
plates  are  summarized  in  Table  4-1.  The  chemical  composition  and  mechanical 
properties  of  the  22.19-T851  aluminum  alloy  are  typical  of  coramerlcally 
produced  3-ln. -thick  plate.  In  addition,  note  that  both  plate  materials 
have  uniform  mechanical  properties  in  the  longitudinal  and  transverse 
direction. 

All  fatigue  crack  growth  rate  measurements  on  these  plate 
materials  were  obtained  with  cracks  propagating  in  the  L-T  orientation. 

4.2  Experimental  Procedures 

Except  where  noted,  all  testing  wan  conducted  according  to 
the  proposed  test  procedures  of  Appendix  I.  Both  2-ln.-wlde  compact 
(CT)  specimens.  Fig.  4-1,  and  3-in. -wide  center-cracked- tens Ion  (CCT) 
specimens.  Fig.  4-2,  were  employed  for  tests  conducted  In  laboratory 
air  (40-60%  RH) . Dry  argon  tests  were  conducted  using  2.5-ln.-wlde 
WOL  specimens.  Test  specimens  were  nominally  Vln. -thick,  except  for 
several  tests  on  l-ln. -thick  specimens  designed  to  examine  the  Influence 
of  thickness  on  fatigue  crack  growth  rates.  All  specimens  w«;e 
fatigue  precracked  at  least  0.10  in.  from  the  machined  starter  notch 
to  ensure  that  subsequent  data  were  unaffected  by  the  notch  geometiy 
and  notch  preparation  procedure.  Precracking  was  parformed  such  that  the 
final  during  precracking  was  less  than  or  equal  to  the  Initial 

' K for  testing.  In  addition,  low  growth  rate  tests  were  precracked 
nii&x 

at  the  same  load  ratio  as  that  used  In  subsequent  testing. 


i 
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TABLE  4-1 

CHEMICAL  COMPOSITION  AND  MECHANICAL  PROPERTIES  OF  TEST  MATERIAL 
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num  results:  average  of  6 tests  from  2 locations  I range  or  results  giver  in  brad 


Dwg.  6425A13 


Rg.4-1-  Compact  type  (CT)  fatigue  crack  growth  specimen 


Center  cracked  tension  (CCT)  specimens  for  fatigue  crack  groerth  rate 
testing  under  a)  tension-tension  loading  and  bi  tension-compression  loading 


Tests  were  conducted  using  servohydraullc  equipment  operated 
In  either  load  or  deflection  control.  A sinusoidal  waveform  with  test 
frequencies  ranging  from  0.10  Ha  to  200  Hz  was  employed.  Load  accuracy 
over  these  frequencies  was  better  than  + 2X, 

Certain  test  details  differed  slightly  for  measurements  at 
high  growth  rates,  low  growth  rates,  and  In  dry  argon.  Most  of  these 
differences  served  to  optimize  testing  In  each  area  — specific  details 
are  provided  below. 

4.2.1  High  Growth  Rate  Test  Details 

All  high  crack  growth  tests  were  conducted  on  a 20  kip 
capacity  servohydraullc  machine.  A calibrated  load  range  of  2 kips 
was  used  when  testing  CT  specimens.  Load  precision  was  periodically 
monitored  using  an  oscilloscope.  The  amplitude  measurement  system 
had  peak  reading  capability  and  an  amplitude  controller  which  could 
automatically  overprogram  the  servohydraullc  system  to  maintain 
load  accuracy  as  the  crack  grew  In  high  frequency  tests. 

Crack  length  was  monltoed  using  visual  measurements  aided 
by  scribe  lines  on  the  specimen  and  a 30X  traveling  telescope.  With 
this  system  It  is  estimated  that  the  crack  length  could  be  measured 
within  ± 0.002  in.  Crack  length  versus  elapsed  cycles  data  were 
converted  to  crack  growth  rates  using  a seven  point,  incremental 
polynomial  technique  which  Is  described  In  Appendix  1. 

Low  temperature  tests  were  conducted  using  a liquid  nitrogen 
cooled  cryostat:  high  tamperature  tests  were  conducted  using  resistance 
heating  tapes.  An  automatic  controller  maintained  test  teiiq>eratures 
within  + 5*C.  Insulating  chambers  for  both  high  and  low  temperature 
tests  were  equipped  with  windows  for  visual  observation  of  crack  growth. 

4.2.2  Low  Growth  Rate  Test  Details 

All  low  crack  growth  rate  tests  using  CT  specimens  were 
conducted  on  a 5 kip  capacity  servohydraullc  system  and  tests  using 
CCT  specimens  were  conducted  on  a 10  kip  capacity  system.  Fully 
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callbratad  load  rangas  oi  500  and  1000  lb  were  uaad  for  all  teats  using 
CT  apaciaana.  Load  pracialon  was  aonltorad  by  oscilloscope  and  digital 
voltaatar  raadlngs  taken  at  about  10  to  15  alnute  Intervals.  Minor 
Bodificationa  to  teat  aachlna  controla  were  made  as  necessary  by  the  test 
tachniciana  to  anaura  load  precision  within  + 2X  on  and  AP.  To 
shorten  the  test  tlBa^atoat  data  was  established  at  the  maxlnuB  machine 
frequency  at  which  the  required  load  accuracy  could  be  maintained.  The 
optiauB  operating  frequency  varied  «rlth  test  conditions  and  crack  length. 
However,  this  procedure  waa  Justified  by  showing  that  frequency  effects 
were  minimal  over  the  range  of  frequencies  and  low  growth  rates 
considered  in  this  phase  of  the  investigation  (see  Section  5.4). 

Further  guidelines  for  the  optimization  of  non  resonant  servohydraullc 
teat  Bschinc  operation  at  high  frequency  are  given  in  Ref.  6a. 

Propel  allgnniint  of  the  load  train  and  specimen  were  found  to  be 
essential  for  determining  reproducible  crack  growth  rate  data.  Therefore, 
in  this  study  careful  attention  was  given  to  achieving  as  fine  as 
possible  alignment  of  the  test  components  Involved. 

Crack  length  measurement  consisted  of  magnified  visual 
observation  of  the  crack  as  it  passed  through  a series  of  precision 
grid  lines,  0.02  in.  (0.5  on)  spacing,  photographically  printed  to  the 
specimen  surfaces.  The  optical  system  was  capable  of  resolving  crack 
extension  to  within  4 0.002  in.  Conversion  of  crack  length  vs. 
elapsed  cycles  to  crack  growth  rate,  da/dN,  was  accomplirhed  by  the  secant 
Mthod  described  in  Appendix  1. 

Some  tests  were  conducted  using  conventional  techniques  in 
which  K increased  es  the  crack  extended,  namely,  constant-amplitude  load 
control.  Other  tests  employed  techniques  in  which  K decreased  as  the 
crack  extended,  specifically,  programmed  load  shedding  and  constant 
amplitude  deflection  control.  ProgromiDed  load  shedding  was  conducted 
as  a series  of  discrete  load  steps  as  illustrated  by  Fig.  7 of 
Appendix  1.  A comparison  of  these  aethods  is  provided  in  Section  5. 
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4,2.3  Dry  Argon  Teat  Details 

Tests  vere  oonducted  In  ultra  high  purity  argon  that  vas 
further  dlhuoidifled  by  using  cold  traps  of  -220*F.  Additional 
purification  was  accomplished  using  a titanium  aublimation  pump. 

Oxygen  and  water  vapor  in  this  environmental  system  are  estimated  to 
be  less  than  1 ppm. 

Crack  length  measurements  in  the  argon  environment  were  made 
using  a d.c.  electrical  potential  system.  The  resolution  of  this 
system  for  the  working  current  and  specimen  geometry  used  is  estimated 
to  be  better  than  + 0.002  in.  This  method  has  been  shown  to  agree 
well  with  other  crack  measurements  techniques  for  various  materials . 
Additional  information  on  this  procedure,  including  the  experimental 
calibration  for  the  VK)L  specimen  are  given  in  Ref.  (8). 

A. 3 Results  and  Discussion 

A. 3.1  Effects  of  Specimen  Planar  Geomtry/Selectlon  of  Standard 

Specimens 

Comparison  data  on  the  effect  of  specimen  planar  geometry 
were  obtained  on  2219-T851  using  2-ln.-wide  CT  specimens  and  3-ln.-wldc 
CCT  specimens.  As  shown  in  Fig.  A-3  and  A-A  data  from  these  two 
specimen  types  are  in  excellent  agreement  over  a wide  range  of  growth 
rates  and  loading  conditions.  Similar  results  showing  the  independence 
of  da/dN  vs.  AK  behavior  on  specimen  planar  geometry  are  illustrated 
by  the  lONl  steel  data  given  in  Fig.  A-5.  Results  from  CT  specimen 
are  shown  to  agree  with  prevlovw  data  from  an  ASTM  cooperative  inter- 
laboratory  test  program  in  which  data  were  obtained  on  3-in. -wide  CCT 
specimens  and  2.55-ln.-wide  wedge-opening-loaded  (WOL)  specimens . 

The  planar  geometry  independence  of  fatigue  crack  growth  rate 
data,  wfien  properly  analyzed  in  terms  of  linear-elastic  fracture  mechanics, 
has  been  demonstrated  for  a wide  variety  of  other  geometries  and 
materials  (for  example,  see  Refs.  (1,9-11)),  Thus,  data  from  different 
specimen  configurations  and  loading  conditions  can  be  exchanged  and  compared. 
More  isiportantly  this  feature  enables  da/dN-AK  information  to  be  used 
quantatlvely  in  design. 
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Fig.  4-3-ComparIson  of  fatigue  crack  growth  rates  in  2219-T8^1 
aluminum  obtained  using  compact  type  ( CT)  and  center-cracked- 
tension  (CCT)  specimens 
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da/dN.  m/ cycle 


4-4  - Effect  of  specimen  planer  geometry  on  low  fatigue  crack  growth  rates 


AK,  MPa  yJW 

Curve  695904-A 

60  80  100 

200 

Regression  Line  - 
ASTM  Cooperative  Test  Program, 
WO L And  CCT  Specimens 


Symbol  Spec.  No.  Thickness.  B 
o N-2  l/4ln 

^ N-3  1/4  in 

+ N*1  1 In 

Geometry : CT ; W = 2. 0 In 
R = 0. 1 f = 5 HZ 




AK,  kslVlfT 

Fig,  4-S -Fatigue  crack  growth  rates  in  10  Ni  steel  obtained  from 
various  specimen  geometries 


da/dN,  m/ cycle 


Ideally,  these  results  shov  that  spsclmans  of  any  configuration 
may  be  employed  to  generate  fatigue  crack  growth  rate  data.  Realistically, 
however,  a limited  number  of  specimen  types  are  preferred.  The  proposed 
test  method  provides  detailed  information  on  compact  specimens  and  center- 
cracked-  tension  (CCT)  specimens — these  are  the  most  widely  used  specimen 
geometries  based  on  the  test  method  survey  conducted  as  part  of  this 
program. Alternative  specimen  geometries  are  allowed  in  the 
proposed  test  method  provided  well-established  stress  Intensity  calibrations 
are  available.  However,  since  the  uncracked  ligament  slxe  requirement 
Is  specific  to  specimen  type,  a verification  that  linear  elastic 
conditions  are  being  met  in  the  alternative  specimen  Is  necessary. 

Because  of  this  complication,  especially  when  testing  at  high  AK  and 
R values,  It  Is  simpler  to  avoid  alternative  specimens. 

Of  the  various  compact-type  specimens  (that  is  the  CT  with 
H/W  = 0.60,  and  the  WOL  with  H/W  -0.486),  the  CT  specimen  was  selected 
for  Inclusion  In  the  proposed  test  method.  Ths  prlmar>’  reason  for 
selecting  this  specimen  Is  the  fact  that  for  constant-amplitude  loading 
Its  K gradient,  dK/da,  Is  steeper  than  that  of  the  WOL  specimen  at  small 
a/W  values,  thus  reducing  the  time  required  to  generate  the  same  amount 
of  da/dN-AK  data.  This  difference  In  dK/da  Is  Illustrated  In  Fig.  4-6 
where  non-dimensional  K values  are  shown  for  the  two  specimens  types 
as  functions  of  a/W,  the  nondlmensional  crack  length.  The  shallowness 
of  the  Initial  segment  of  the  curve  for  the  WOL  specimen  results  In 
an  overabundance  of  (a,N)  points  during  ths  early  stage  of  the  test 
which  corresponds  to  a very  narrow  range  of  AK . This  undesirable 
situation  Is  Improved  when  testing  the  CT  specimen.  Additional  factors 
which  favor  the  CT  specimen  are:  1)  Its  use  In  ASTM  E399,  thus 
unnecessary  test  specimen  proliferation  Is  reduced,  2)  Its  planar 
dimensions  scale  proportionally  with  Increasing  size,  thus  one  non- 
dimensional  drawing  can  be  used  to  specify  any  size  specimen  (unlike 
the  currently  used  WOL  specimens)  and  3)  Its  larger  H/W  provides 
Increased  resistance  to  out-of-plane  cracking  and  arm  break-off  — this 
Is  partlculary  helpful  at  high  loads  and  when  testing  In  aggressive 
environments  where  this  problem  is  accentuated. 
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Fig. 4-6- Comparisons  of  K expressions  for  WOl  and  CT 
specimens  as  a function  of  relative  crack  length 


4.3.2  Effect  of  Crank  lut.nellng/Specltueo  Thickness 

Post-fracturo  analyses  of  fatigM?  crack  g^rowth  specimens 
showed  that  through-thickness  crack  curvature  — that  l8>  crack 
"tunneling"  — occurred  in  both  the  2219-T851  aluminum  tind  the  lONi 
steel.  The  extent  of  crack  tunneling  was  found  to  be  strongly  dependent 
on  the  ratio  of  specimen  thickness-to-wldth,  B/W,  as  shown  In  Fig.  4-7. 
Here  6a  is  defined  as  the  difference  between  the  average  surface 
crack  length  and  the  5-point,  through- thickness  average  crack  length. 

For  B/W  values  of  1/8  to  1/12,  the  extent  of  tunneling  (normalized 
with  respect  to  W)  was  observed  to  be  nearly  Independent  of  crack 
length.  These  results  represent  a wide  range  of  AK  and  R values,  and 
include  data  from  K-increaslng  and  K-decreasing  tests.  Thus,  when  B/U 
Is  sufficiently  small,  the  extent  of  crack  tunneling  Is  minimal  and 
remains  nearly  constant  throughout  the  test. 

On  the  other  hand,  CT  specimens  with  B/W  » ^ exhibited 

significantly  more  tunneling  than  specimens  with  B/W  < 1/8,  Furthermore, 

the  extent  of  tunneling  at  B/W  <■  % Increased  markedly  as  the  tests 

proceeded.  No  measurable  difference  was  observed  In  the  extent  of 

tunneling  between  the  2219-T851  aluminum  and  the  ICNi  steel.  This 

observation  Is  probably  due  to  the  fact  that  all  data  collected  on 

specimens  with  B/W  > ^ covered  the  sane  range  of  growth  rates.  Thus, 

the  correlation  between  the  extent  of  tunneling  and  crack  length 

is  not  expected  to  be  a general  feature  of  this  phenomenon.  However, 

when  significant  tunneling  occurs  (as  for  the  case  of  B/W  • over  a 

range  of  loading  conditions,  it  Is  expected  that  a general  correlation 

would  exist  between  the  extent  of  tunneling  and  K — or  R /E 

° max  max 

when  different  materials  are  Involved,  where  E is  the  materials  elastic 
modulus . 

The  occurrence  of  significant  crack  tunneling  was  also 
detectable  from  measurements  of  elastic  eompllance  on  specimens  with 
B/W  « These  measurements  were  made  along  with  surface  crack  length 
measurements  during  a fatigue  crack  growth  rate  test.  As  shown  in 
Fig.  4-8  the  experiments!  and  analytical  compliance  results  are  ixt  good 
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Curve  692930- A 


Rg.4-7-‘  Extent  of  crack  tunneling  as  a function  of  crack  length  for  sfiecimens  of  various 
thicknesses 


Normalized  Compliance.  RFV/P 


agresanant  provided  an  adjustment  for  crack  tunneling  is  applind  to  the 
surface  crack  length  measurements. 

In  some  cases,  the  use  of  a surface  crack  length  Instead  of  a 
through-thickness,  average  crack  length  can  result  in  significantly 
different  computed  K values.  Tlie  difference  between  these  two  computa- 
tional procedures  is  illustrated  in  Fig.  4-9  where  the  K for  the  "tunneled 
crack"  is  computed  using  the  6a/w  values  of  Fig.  4-7.  Since  the  stress 
intensity  factor  based  on  a through-thickness , average  crack  is  more 
representative  of  the  crack  tip  "driving  force",  the  ratio,  K (tunneled 
crack) /K  (surface  crack),  can  be  viewed  as  an  error  in  computed  K during 
a crack  growth  rate  test.  As  shown  in  Fig.  4-9,  these  errors  become 
significant  for  B/W  - and  for  large  crack  lengths. 

If  uncorrected,  the  errors  in  computed  stress  intensity 
factor  cause  an  apparent  incrctase  in  the  fatigue  crack  growth  rates. 

The  calculations  in  Table  4-2  demonstrate  the  factor  by  which  da/dN 
is  increased  due  to  the  tunneling  errors  of  Fig.  4-7.  As  shown,  the 
magnitude  of  the  effect  is  also  related  to  n,  the  exponent  in  the 
power  law  da/dN  rt  C^(AK)**.  The  n values  of  Table  4-2  are  typical 
of  aluminum  alloys  in  the  v®ry  high  growth  rate  regime.  The  large 
influence  on  da/dN  which  can  occur  when  B/W  “ ^ demonstrate?  the 
need  to  properly  account  for  crack  tunneling. 

The  above  crack  tunneling  information  is  reflected  in  two 
Sections  of  the  proposed  -test  method  in  Appendix  I.  Section  7.1.3, 

Appendix  I,  provides  a recommended  range  of  B/W  values  which  is 
designed  to  eliminate  crack  tunneling  problems.  However,  B/W  values 
as  large  as  one-half  are  allowed  in  CT  specimens,  primarily  to  enable 
valid  fatigue  crack  growth  rate  data  to  be  obtained  prior  to  fracture 
toughness  testing  (see  ASTM  E399) . Although,  a caution  is  provided  for 

A 

The  Increase  in  crack  tunneling  which  occurs  during  a test  is  gradual 
enough  so  as  not  to  directly  affect  da/dN. 
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TABLE  4-2 


INFLUENCE  OF  CRACK  TUNNELING  IN  CT  SPECIMENS 
ON  APPARENT  FATIGUE  CRACK  GROWTH  RATE 


Factor  by  which  da/dN 
appears  Increased 


a/W 

n*6 

n*8 

n-10 

n»"12 

B/W  - 

0.6 

1.77 

2.14 

2.59 

3.14 

0.7 

2.63 

3.63 

5.02 

6.93 

0.8 

5.53 

9.79 

17.3 

30.6 

B/W  - 

1/8 

0.6 

1.19 

1.27 

1.34 

1.43 

0.7 

1.26 

1.37 

1.48 

1.60 

0.8 

1.42 

1.59 

1.79 

2.09 

n ■ slope  of  log  da/dN-log  AK  in  a given 
growth  rate  regime. 
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thoae  finding  it  necessary  to  use  these  large>B/W  speclaens.  For 
cases  where  tunneling  occurs.  Section  9.1,  Appendix  I,  specifies 
the  procedure  to  be  employed  to:  1)  measure  the  extent  of  through- 
thickness  crack  curvature,  2)  decide  %fhen  corrections  are  necessary  and 
3)  apply  the  measured  corrections  to  the  data  analysis. 

It  is  appropriate  to  note  that,  based  on  the  experiences  of 
this  study,  crack  tunneling  measurements  from  the  crack  contours  on  the 
fracture  surface  can  be  difficult  to  resolve.  In  addition, the  application 
of  these  corrections  to  the  data  Is  a time  consuming  procesn.  Thus, It 
is  expedient  to  design  specimens  to  avoid  this  problem  by  using  the 
recommended  B/W  values  provided  in  Section  7.1.3  of  Appendix  I. 

Since  errors  caused  by  crack  tunneling  will  increase  with 
specimen  thickness  (for  a constant  specimen  width) , they  ran  influence 
data  comparisons  on  the  influence  of  thickness  on  da/dN,  Figures  4-10 
and  4-11  contain  fatigue  crack  growth  rate  data  on  various  thicknesses 
of  lONl  steel  and  2219-T851  alut&inum,  respectively.  As  indicated 
by  the  translated  data  points,  the  apparent  thickness  effects  at 
high  da/dN  values  are  eliminated  when  crack  tunneling  Is  accounted  for 
using  the  correction  factors  given  in  Figs.  4-7  and  4-9. 

Thus,  for  the  factor  of  four  change  In  thickness  examined 
herein,  thickness  had  no  significant  effect  on  the  growth  rates  In  either 
material.  Although, It  should  be  noted  that  since  tunneling  Is  a 
manifestation  of  the  Influence  of  stress  state  on  fatigue  crack  growth. 

It  is  possible  that  more  extreme  changes  In  thickness  (or  stress  state) 
could  Influence  da/dN. 

Data  In  the  literature  on  the  Influence  of  thickness  on  da/dN 

for  various  materials  Is  mixed.  Fatigue  crack  growth  rates  over  e wide 

range  of  4K  have  been  reported  to  either  Increase decreass^^^’^^^ 

(14  17-19) 

or  remain  unaffected  ’ as  specimen  thickness  Is  Increased. 

(13) 

Thickness  can  also  interact  with  other  variables  such  as  environsient 

(19) 

and  residual  stress  from  heat  treating.  In  addition,  materials 

may  exhibit  thickness  effects  over  the  terminal  range  of  da/dN  vs.  4K 
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Curv*  695906-A 


Regression  Line  - 
ASTM  Cooperative  Test  Program, 
WOL  And  CCT  Specimens  - 


Symbol  Spec.  No.  Thicicness.  B 

o N-2  “ 1/4  In 

^ N-3  1/4  in 

+ N-1  1 in 

Geometry:  CT;  W = 2.0in 
R = ai  f = 5HZ 

-J 1 I I L.J..J I 

40  80  100  200 


AK,  k$! 

Fig.  4>10-FatH|ue  crack  growth  rates  in  10  Ni  steel  showing  effect 
of  crack  tunneling  correction 


37 


da/dN,  m/ cycle 


(18) 

which  are  asaoclatad  with  either  nominal  yielding  or  a K -controlled 
Inatabillty.  The  occurrence  of  crack  tunneling  may  also  have  biased 

some  data  obtained  on  the  effect  of  thickness  on  fatigue  crack  growth 
rates. 

4.3.3  Effect  of  Cage  Length  In  CCT  Specimens 

The  possible  Influence  of  gage  length  In  the  CCT  specimen 
was  examined  In  order  to  develop  a specimen  configuration  suitable  for 
testing  under  compressive  loading.  The  CCT  specimen  was  selected  for 
testing  at  R < 0 since  Che  K-callbratlon  for  the  CT  specimen  Is 
sensitive  to  the  "back-lash-free"  gripping  which  Is  necessary  for 
compressive  loading.  Furthermore»  bending  In  the  arms  of  the  CT 
specimen  during  compressive  loading  may  Introduce  extraneous  crack 
opening  modes  which  would  further  complicate  the  K-callbratlon. 

Since  tests  at  R < 0 were  to  be  done  on  1/4-ln. "thick 
material,  it  was  considered  feasible  to  design  a specimen  with  a short 
gage  length  to  provide  adequate  buckling  constraint  Instead  of  using 
antl-buckllng  guides. 

A gage  length,  L,  eqital  to  1.33W  was  considered  suitable  for 
this  purpose  in  the  1/4-ln. -thick  specimen.  The  overall  specimen 
design  Is  shown  In  Fig.  4-2  and  the  bolt  and  keyway  gripping  assembly  is 
shown  in  Fig.  4-12.  This  loading  configuration  results  in  the  application 
of  a nearly  constant  displacement  across  the  specimen  width  at  locations 
2 in.  above  and  below  the  central  crack. 

The  K-callbrstion  for  the  above  specimen  and  loading 
configuration  was  compared  to  the  K-callbratlon  given  In  Section  9.3.2, 
Appendix  I,  by  means  of  the  following  methods:  1)  experimental  compliance 
measurements  , 2)  numerical  analysis  and  3)  comparison  fatigue  crack 

f 

growth  rats  data.  v 

The  experimental  compliance  data  are  given  in  Fig.  4-13  for  the 
conventional  pin-loaded  CCT  specimen  with  L * 3V  and  for  the  short, 
clamped  CCT  specimen  with  L * 1.33W.  (Both  compliance  and  crack  length 
are  given  In  dimensionless  form;  V Is  the  displacement  along  the  center 
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Backlash  -Free 
Connection' 


esi 


3"Dla. 


H/2Dia.-12 


Fig.  4"1 2-  Bolt  and  keyway  assembly  for 
gripping  short  CCT  specimen 


Normalized  Compliance, 


Curve  693570-A 


Fig.4-13-Elastic  compliance  of  CCT  specimens  with 
various  gage  lengths  (L)  and  gripping  methods 
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V. 


of  the  specimen  measured  between  points  which  are  .25  in.  above  and 

below  the  crack  and  E Is  the  elastic  modulus  which  was  assumed  to  be 

10.6  X 10^  psl  for  the  aluminum  alloy.)  For  comparison,  the  solid  line 

shows  the  CCT  compliance  predicted  from  analytical  results  according  to 

/21\ 

the  following  equation.^ 


cosTr(a/W) 


1 + V 


^elnhTr(Y/W)‘'  ^ 


.ira  Tra^ 

(—  cosec  ~) 


Where  Y - half  of  the  distance  between  the  points  of  displacement 
measurement  and  v = Poisson's  ratio. 

The  experimental  results  from  both  CCT  configurations  are  In 
good  agreement  with  the  analytical  results.  These  results  are  also  In 
agreement  with  the  numerical  analysis  of  Islda  on  CCT  specimens  of 
various  gage  lengths  and  loading  conditions . Islda *s  analysis 
indicates  that  the  K-expresslons  for  the  above  two  CCT  configurations 
and  gripping  methods  should  differ  by  less  than  4%. 

Further  verification  of  the  K-callbration  for  the  short, 
clamped  CCT  specimen  is  given  by  the  data  shown  in  Fig.  4-14.  Good 
agreement  was  obtained  for  da/dN  vs.  4K  data  generated  on  short, 
clamped  CCT  specimens  and  long,  pin-loaded  CCT  specimens  when  results 
were  analyzed  using  the  equation  provided  In  the  proposed  test  method. 

Strain  gage  data  was  also  obtained  to  assess  the  extent  of 
out-of-plane  bending  which  would  be  encountered  during  subsequent 
testing  of  the  short,  clamped  CCT  specimen  In  compression.  Several 
strain  gages  were  mounted  at  various  locations  of  a test  specimen 
as  shown  in  Fig.  4-15.  The  first  number  identifies  the  strain  gage  on 
the  front  face,  while  the  second  number  identifies  the  strain  gage  on 
the  back  face  at  the  same  location.  This  specimen  was  tested  at  a 
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Fatigue  crack  growth  rate  data  from  cent?r-cracked-tenslon  specimens 
us  gage  lengths  ( L)  and  gripping  methods 


Dwg.  6388A02 


Fig. 4-15-  Location  of  strain  gages  used  to 
measure  the  extent  of  bending  during 
compressive  loading  of  a 4 in.  -gage  - 
length  CCT  specimen 


Specimen  Clamped 
Below  This  Line 


TABLE 

STRAINS  MEASURED  AT  VARIOUS  LOCATIONS  ON  A (XT  SPECIMEN  AS  A RESULT  OF!  (w)  TENSILE 

AND  (b)  COMPRESSIVE  LOADS 


Crack  Length  Strain  Per  1000  lbs  (Strain  x 10^)  at  Location 


, of  Cycles 

(in.)  . 

5 

11 

6 

12 

9 

7 

a 

10 

(a) 

Tensile  Loads 

0 

.3265 

65.0 

60.0 

100.0 

96.7 

55.8 

66.7 

107.1 

100 

48,300 

.5265 

35.0 

32.5 

109.0 

105.8 

32.1 

38.3 

117.8 

114.3 

69,000 

,7195 

20.0 

19.1 

107.1 

109.0 

18.3 

21.6 

117.8 

117.8 

75,700 

.8215 

12.5 

12.5 

100.0 

100. 0 

10.7 

16.7 

110.7 

109.0 

80,300 

.933 

* 

— 

89.3 

87.5 

10.0 

12.5 

98.8 

98.8 

83,200 

1.023 

— 

__ 

75.0 

75.0 

— 

— 

85.7 

85.7 

85,500 

1,1405 

— 

— 

57.1 

55.4 

— 

67.8 

67,8 

(b)  Compressive  lotds 


0 

.3265 

74.1 

70.0 

96.7 

91.1 

67.5 

75.0 

98.3 

91.7 

48,300 

.5265 

71.7 

65.0 

98. 2 

89.2 

62.5 

76.8 

105.0 

95  0 

69,000 

.7195 

71.4 

64.2 

98.3 

88.3 

62.5 

72.8 

105.0 

98.3 

75,700 

.8215 

73.2 

64.3 

98.2 

88.3 

62.5 

75.0 

103.5 

94.1 

80,300 

.933 

71.4 

62.5 

98.2 

86.7 

60.7 

73.2 

105.0 

96.0 

83,200 

1.023 

71.4 

64.3 

96.4 

85.1 

64.3 

73.2 

105.0 

96.0 

85,500 

1.1405 

71.4 

62.5 

96.4 

85.1 

64.2 

67.8 

105.0 

93.6 

*Iniplie8  negligible  strain. 
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constant  load  range  of  + 7,500  lbs  (R  • -1).  The  test  was  interrupted 
briefly  several  tiip^s  to  record  the  load  disulacement  and  the  load  vs. 
the  OL-f.put  of  the  various  strain  gages.  Also,  crack  length  measurementc 
were  made  as  a function  of  elapsed  cycles.  The  strain  gage  data  is 
presented  in  Table  4-3  for  tensile  and  compressive  loads. 

During  the  tensile  portion  of  the  cycle  the  strains  recorded 
on  the  opposite  faces  of  the  same  location  exhibit  some  differences  which 
are  attributed  to  minor  variations  in  the  position  of  the  gages  and 
also  to  differences  in  crack  lengths  on  the  two  sides  of  the  specimen. 

It  was  observed  that  the  side  with  strain  gages  11  and  12  exhibits 
strains  that  are  consistently  lower  than  those  measured  on  the  side  with 
strain  gages  5 and  6.  The  same  observation  was  made  for  the  other 
strain  gages  as  well  and  is  consistent  with  measured  crack  lengths 
being  larger  on  the  side  with  strain  gages  11  and  12.  As  crack  growth 
progressed,  the  differences  in  crack  lengths  on  the  two  sides  decreased 
which  is  also  the  general  nature  cf  the  strain  data  for  tensile  loads. 

During  the  compressive  portion  of  the  cycle,  in  general 
discrepancies  larger  than  recorded  in  the  tensile  portion  of  the 
cycle  were  observed  in  the  outputs  from  corresponding  strain  gagas  on 
the  two  sides  of  the  specimen.  This  increased  strain  gradient  is 
attributed  to  bending  of  the  specimen.  However,  this  smaJl  amount  of 
bending,  '^3%  of  the  nominal  strain, is  not  large  enough  to  Influence  the 
crack  grovrth  rate  results. 

4,3.4  Effect  of  Load  Ratio 

The  influence  of  load  ratio  (R)  was  examined  over  a wide 
range  of  fatigue  crack  growth  rates.  Tests  were  conducted  on  the 
2219-T851  aluminum  at  P values  of  -1,  0.1,  0.3,  0.5  and  0.8.  Less 
extensive  testing  was  conducted  on  the  lONl  steel  after  initial  results 
indicated  that  it  was  generally  less  sensitive  to  load  ratio  than  was 
the  2219-1851  aluminum  — high  growth  rates  were  measured  at 
K « -1,  0.1  and  0.8;  low  growth  rates  were  measured  at  R - 0.1,  0.5  and 
0.8.  All  of  the  above  testing  was  conducted  in  laboratory  air  (40-60%  RH) 
at  < temperature  o.f  75“E  + 2“F. 
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Daca  which  sunzaarize  the  effect  of  load  ratio  on  wlde-'-range 
fatigue  crack  growth  rates  are  given  Ic  Flgu'<.e  4-16  and  A-l'^. 

Fatigue  crack  growth  rates  In  the  2219-T851  aluicinuin,  Fig.  4-16, 
exhibit  three  distinct  regions  of  growth  which  are  often  observed  in  high 
strength  structural  alloys.  Low  da/dN  values  are  strongly  sensitive  to 
the  applied  stxess  intensity  factor,  AK,  and  da/dN  becomes  dlmenlshingly 
small  as  a threshold  stress  intensity,  is  approached.  In  this 

growth  rate  regime,  termed  Region  I,  both  do/dN  and  are  strongly 

R-dependent.  At  Intermediate  growth  rates.  Region  II,  da/dK  Is  much 
less  dependent  on  both  AK  and  R.  At  high  growth  rates.  Region  III,  da/dN 
Is  again  strongly  dependent  on  both  AK  and  R. 

The  occurronce  of  Region  III  In  the  2219-T851  aluminum  Is 

attributed  to  the  onset  of  a static  component  of  crack  growth. 

(23) 

Quantitative  electron  fractography  on  thla  material  has  shown  that 
in  Region  II,  where  strlatlous  are  the  predominate  fractographic 
feature,  the  microscopic  growth  ratec  obtained  from  striation  spacing 
measurements  are  in  good  agre&'<ient  with  the  macroscopic  growth  rates  of 
Fig.  4-16.  However,  in  Region  III  the  microscopic  measurements  of  crack 
growth  rates  are  less  than  the  macroscopic  measurements  and  this 
difference  is  associated  with  the  presence  of  additional  fractographlc 
features  which  ere  characteristics  of  a stable  mode  of  static  crack 
growth.  Similar  observations  have  also  been  reported  for  other 
aluminums  and  for  steels. 

The  termiral  values  of  corresponding  to  the  positive 

load  ratio  data  In  Fig.  4-16  were  found  to  be  relatively  constant 

(33  ksit'^.  < K <35  kslv^.).  These  K values  are  in  good 
- max  - max  ® 

agreement  with  K-  measurementa  (per  ASTM  E399)  which  have  been 

(27) 

reported  for  2219-T851  alumlntim.  Combining  these  results  with 

Che  previously  discussed  fractographlc  observations  indicates  Chat  the 
Region  III  load  ratio  dependence  is  Influenced  by  static  load  subcritlcal 
crack  growth  associated  with  the  approach  of  instability. 
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Data  on  the  lONl  steel,  Fig.  4-17  exhibit  similar 
characteristics  to  those  observed  In  the  2219-T851  aluminum  in  Regions 
I and  II.  The  primary  difference  in  the  fatigue  crack  growth  rate  behavior 
of  these  two  materials  Is  the  absence  of  a strong  R-dependence  at  high 
growth  races  in  the  lONl  steel,  even  though  both  materials  were  tested 
over  a comparable  range  of  growth  rates.  The  Insensitivity  of  high 
growth  rates  to  R corresponds  to  the  absence  of  Region  III  type  behavior 
and  Is  presumed  to  be  due  to  the  lack  of  a static,  subcrltlcal  cracking 
component  to  the  overall  growth  rate.  This  Interpretation  Is  consistent 
with  the  high  fracture  toughness  of  this  alloy  — a valid  measurement 
(per  ASTM-E399)  has  never  been  achieved,  however,  the  toughness  is 
estimated  to  exceed  200  kslv^. ' . The  measurement  of  growth 

rates  higher  than  those  shown  In  Fig.  4-17  for  R - C.8  were  limited  by 
the  measurement  capacity  of  the  specimens  employed  (CT  specimen  with 
W * 2 In.).  As  discussed  In  Section  4.4.1  the  measurement  capacity  Is 
In  this  case  limited  by  exceeding  the  fully  plastic  limit  load  of  the 


specimen  rather  than  by  a controlled  Instability.  A similar 


(29) 


behavior  has  been  observed  by  Dowling  In  a high  toughness  A533B  steel 
On  the  other  hand,  high  strength,  low  toughness  steels  exhibit  Region  III 


behavior. 


(20,24.25) 


From  the  above  discussion,  It  follows  that  the  material 
dependence  of  load  ratio  In  Region  111,  which  were  observed  harein 
and  which  have  been  reported  elsewhere'"^  ” , Is  primarily  due  to 

differences  of  inherent  toughness  of  these  materials. 

As  Indicated  the  R-dspendence  of  fatigue  crack  growth  rates 
Is  specific  to  the  growth  rate  regime,  with  R-effect  predominating 
In  Region  I and  III.  In  addition,  the  exact  functional  dependence 
of  growth  rate  on  R Is  complex  for  a given  region.  For  example.  In 
Region  I the  R-effects  appear  to  saturate  above  R * 0.5  as  evidence 
by  the  fact  that  data  at  R ■■  0.5  and  R » 0.8  nearly  coincide  and  are  both 
significantly  different  from  date  at  R • 0.1  (Flge.  4-16  and  4-17). 

On  the  other  hand,  in  Region  111  data  at  R ■ 0.5  and  0.1  nearly 
coincide  and  are  both  significantly  different  from  data  at  R 0.8. 
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Consequently , the  overall  R-dependence  of  da/dN  Is  rather  complex  and 
cannot  be  described  by  a simple  translation  along  either  the  da/dN  or 
AK  axes . 

Figures  4-16  and  4-17  also  Include  data  at  P ■ -1.  These 
data  were  analyzed  In  accord  with  Section  9.3.2  In  Appendix  I,  thus  the 
compression  portion  of  the  loading  cycle  was  not  used  In  computing  AK. 

Ubs  center-cracked  tension  speclitiens  employed  to  generate  these  data 
are  described  in  Section  4.3.3. 

Data  on  R * -1  are  both  Interesting  and  controversial.  At 

high  growth  rates  In  2219-7851  and  lONl  steel,  fatigue  crack  growth  rates 

at  R -1  are  less  than  those  at  R • 0.1.  These  results  consist  of 

overlapping  data  from  several  tests  and  are  therefore  Judged  to  be 

reliable.  In  addition,  microscopic  growth  rates  from  electron 

frac cographic  measurements  of  striatlon  spaclngs  were  found  to  be  In 

(23) 

good  agreement  with  the  macroscopic  data.  These  same  results  also 

confirmed  that  at  a given  AK  In  this  regime  the  growth  rates  at  R « -1 
were  less  than  those  at  R ■>  0.1.  The  slower  growth  rates  at  R ■ -1 
appear  to  be  caused  by  a suppression  the  static-load  component  of 
subcritical  crack  growth  which  Is  associated  with  Region  III  type 
behavior.  We  currently  have  no  complete  explanation  for  the  mechanism 
by  which  this  phenomenon  occurs.  It  Is  postulated  that  due  to  the  additional 
reversed  plasticity  during  compressive  loading  the  material  ahead  of  the 
crack  tip  experiences  additional  cyclic  softening  which  is  in  turn 
responsible  for  an  elevation  in  the  material's  inherent  fracture 
toughness.  This  postulate  is  consistent  with  the  fact  that:  1)  both 
materials  exhibit  cyclic  softening  and  2)  a larger  growth  r/^te  difference  Is 
observed  at  high  growth  rates  between  data  at  R ■ -1  and  R « 0.1  In 
2219^7851  aluminum  which  exhibits  Region  III  rates  which  are  more  strongly 
dependent  on  toughness.  Additional  work  is  required  to  critically 
evaluate  this  hypothesis. 
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Low  growth  rate  data  at  R * -1  were  obtained  for  the  2219'>T851 
aluminuo  and  are  included  In  Fig.  4-16.  However,  much  of  the  data 
generated  at  R ■ -1  below  10  ^ in. /cycle  are  not  shown  in  Fig.  4-16 
since  they  violated  the  requirements  of  Section  8.7.4  In  Appendix  1 
on  crack  straightness,  and  as  a result  exhibited  relatively  large 
scatter.  Thus,  data  below  10  ^ In. /cycle  were  primarily  obtained  from 
one  K-decreaslng  test  on  a single  specimen. 

Figure  4-16  shows  that  as  fatigue  crack  growth  rates  decrease 

in  the  2219-T851  aluminum,  the  slope  of  the  log  AK-log  da/dN  plot 

-8 

remains  constant  down  to  about  2 x 10  In. /cycle.  Consequently,  at 
low  growth  rates  the  data  at  R >■  -1  becomes  faster  than  those  at  other 
R values.  Including  R * 0.8.  It  Is  tempting  to  rationalize  the  above 

(34) 

results  In  terms  of  a simple  crack  closure  argument  since  it  has 

previously  been  suggested  that  this  phenomenon  can  explain  load  ratio 
effects  at  low  growth  rates.  Cyclic  loading  at  R < 0 would  be 

expected  to  compress  the  wake  of  plasticity  deformed  material  along 
the  fracture  surfaces  which  contributes  to  crack  closure  — this 
compression  would  Increase  the  effective  AK,  thereby  Increasing  the 
fatigue  crack  growth  rate.  However,  It  is  difficult  to  conceive  of 
tnis  phenomenon  producing  growth  rates  which  are  faster  than  those  at 
V.  = 0.8. 

An  additional  factor  which  may  be  contributing  to  the  Region  1 
grc/H^ch  rates  at  R * -1  Is  environmentally  enhanced  growth  since  these 

data  were  generated  at  cyclic  frequencies  of  20-23  Hz  compared  to  data 

* 

at  other  R values  which  were  generated  at  50  to  150  Hz.  No  envlroiunent- 
related  frequency  effect  were  observed  for  Region  I data  obtained  over 
the  frequency  range  of  50  to  150  Hz.  Nevertheless  it  Is  possible  that 
these  effects  might  arise  upon  lowering  the  frequency  to  20  Hz.  Results 
in  thf?  literature  on  frequency  effects  in  Region  1 have  not  included 

* 

The  slower  frequencies  employed  at  R * -1  were  necessary  to  maintain 
good  load  control  with  the  clamping  grip  arrangement  used  on  the  CCT 
specimens  for  tens Ion -compression  loading. 
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frequencies  as  low  as  20  Hz, thus  the  possibility  of  envlronnent  enhanced 
growth  occurring  In  Region  I has  not  been  resolved.  As  demonstrated  In 
Section  A.3.5i  Region  III  rates  In  the  2219-T851  aluminum  exhibit 
environmentally  related  frequency  effects  lu  40-60%  RH  laboratory  air. 

Fatigue  crack  growth  rate  results  In  the  literature  for 

R < 0 are  mixed. A comparison  of  these  data  Is  complicated  by 

the  fact  that  the  procedure  used  to  compute  AX  for  R < 0 Is  not 

always  specified  — that  Is,  whether  or  not  the  compression  portion  of 

the  loading  cycle  was  Included  In  the  computation  of  AX.  Further, 

complications  arise  due  to  the  wide  variety  of  test  techniques  which 

have  been  employed  and  associated  problems  such  as  specimen 

buckling,  and  extraneous  loadings  during  compression  of  bend  specimens. 

(37) 

Using  a consistent  test  technique,  Klkukawa,  et  al.  have  obtained 

extensive  data  Indicating  that  compressive  loading  at  R -1  can  either 

Increase,  decrease,  or  have  no  effect  on  fatigue  crack  growth  rates 

compared  to  data  at  K 0 — the  specific  effect  appears  to  be  material 

dependent.  This  same  study  also  reported  data  on  a carbon  steel 

which  showed  the  same  trend  as  the  2219-T851  aluminum,  that  is 

compressive  loading  (R  - -1/2  and  -1)  decreased  da/dN  at  high  growth 

rates  and  increased  da/dN  as  low  growth  rates,  compared  to  data  at  R ■■  0. 

(41) 

Similar  low  growth  rate  data  have  been  reported  by  Frost,  et  al.  , 
namely;  AX^^  at  R ■ -1  was  decreased  by  50%  compared  to  that  measured 
at  R 0. 

The  need  for  reliable  fatigue  crack  growth  rate  data  at 
R < 0 is  apparent  — especially  for  structures  and  equipment  experiencing 
Stress  Induced  vibrations  which  often  Include  compressive  loading  and  low 
da/dN  values.  As  Indicated  from  the  above  discussion,  material 
selection  can  have  a strong  Influence  on  the  performance  of  such 
structures. 

In  conclusion,  the  results  of  this  section.  In  their  entirety. 
Illustrate  the  complex  role  of  load  ratio  In  determining  the  fatigue 
crack  growth  rate.  The  fact  that  the  functional  dependence  of  da/dN 
on  R varies  greatly  with  growth  rate  regime  Indicates  that  several 
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underlying  phenomena  control  the  observed  R-efl'ects.  Crack  closure  Is 
known  to  occur  during  fatigue  crack  growth  and  undoubtably  influences 
the  R-dependence,  particularly  at  low  growth  rates.  This 
fact  has  to  some  degree  been  demonstrated. However,  additional 
studies  have  clearly  identified  the  limitations  of  this  concept  as  it 
is  currently  formulated.  Crack-tip  plasticity  has  other  important 
manifestations  which  have  heretofore  not  been  studied.  The  work 
described  in  Appendix  II  examines  the  role  of  crack-tip  cyclic 
plasticity  in  determining  the  magnitude  of  mean  stress  ahead  of  a growing 
fatigue  crack.  The  material's  ability  to  relax  these  mean,  crack-tip 
stresses  is  shown  to  be  related  to  measured  load  ratio  effects  in 
fatigue  crack  growth.  These  results  Illustrate  that  the  contribution 
of  crack-tip  plasticity  to  events  ahead  of  a growing  crack  are  at 
least  as  important  as  the  contribution  to  events  behind  the  growing 
crack. 

4.3.5  Interacting  Environmental,  Frequency  and  Temperature  Effects 

Fatigue  crack  growth  rates  above  10  ^ in. /cycle,  were 
examined  in  both  the  2219-T851  aluminum  and  the  lONl  steel  exposed  to 
laboratory  air  over  a temperature  range  of  -100"F  to  250®F,  and  a 
frequency  range  of  0.10  Hz  to  200  Hz.  Reference  data  were  also 
established  for  both  materials  in  an  inert  environment  of  dry  argon 
for  temperatures  ranging  from  -30®F  to  250®F*.  The  interaction  of 
environmental,  frequency  and  temperature  effects  on  fatigue  crack  growth 
rates  are  discussed  separately  for  each  material. 

4. 3. 5.1  2219-T851  Aluminum 

The  influence  of  a 75“F,  laboratory  air  environment 
(40-60%  RH)  on  fatigue  crack  growth  rates  in  2219-T851  aluminum  is 
illustrated  in  Fig.  4-18.  Results  obtained  in  air  at  R “ 0.1  and  R ■ 0.8 
are  shown  as  scatterbands  which  represent  the  data  reported  in 


For  dry  argon  tests,  -30*F  was  found  to  be  the  lowest  temperature  at 
which  the  test  chamber  could  be  adequately  sealed  to  maintain  less  than 
1 ppm  of  impurities  in  the  environment. 
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Section  4.3.4.  The  dry  argon  data  at  R - 0.8  were  generated  in  this 
study;  the  data  band  for  dry  argon  at  R 0.1  is  from  a previous 
study  which  employed  the  same  quality  of  dry  argon.  As  shown 

In  Fig.  A-18,  the  Region  II  growth  rates  at  R - 0.1  are  enhanced  by  the 
air  environment  by  about  a factor  of  2.5  over  the  dry  argon  rates.  At 
R ~ 0.8,  the  Region  III  growth  rates  are  more  sensitive  to  the  air 
environment  and  are  enhanced  by  as  much  as  an  order  of  magnitude. 

A more  detailed  Illustration  of  the  Influence  of  the  laboratory 
air  environment  on  fatigue  crack  growth  rates  at  R ■ 0.8  Is  provided  In 
Fig.  4-19.  These  data  also  show  the  air  rates  to  be  markedly  sensitive 

to  test  frequency.  Air  data  at  5 Hz  are  as  much  as  six  times  faster 
than  data  at  200  Hz.  In  addition,  the  effect  of  frequency  on  growth 
rates  In  air  appears  to  saturate  at  low  frequencies  as  evidenced  by 
the  fact  that  data  at  5 Hz  and  0.10  Hz  are  within  a factor  of  two.  A 
similar  saturation  of  the  Influence  of  frequency  on  da/dN  occurs  in 

( f y o \ 

other  material-environment  systems,  ''  and  appears  to  be  a general 

phenomenon,  although  the  specific  saturation  frequency  is  likely  to 
depend  on  the  kinetics  of  the  particular  material-environment  systems. 

All  air  data  at  0.10  Hz  were  consistently  slower  than  data  at 
5 Hz  by  about  a factor  of  two.  This  observation  appears  to  be 
associated  with  the  periodic  test  interruption  which  were  necessary 
in  these  long  duration  tests.  Test  interruptions  are  known  to  cause 
a period  of  transient  growth  rates  which  are  slower  than  the  eventual 

(4) 

steady-state  growth  rates. 

The  dry  argon  data  in  Fig.  4-19  also  indicate  that  races  In 
this  Inert  environment  are  Insensitive  to  changes  In  test  frequency. 

These  results  are  consistent  with  data  from  the  literature  which  show 
the  absence  of  frequency  effects  In  aluminum  alloys  tested  In  Inert 
environments. 


The  enhancement  of  fatigue  crack  growth  ratets  In  2219-T851 
aluminum  exposed  to  air,  and  the  associated  frequency  effects,  are 
attributed  to  the  presence  of  water  vapor  in  the  laboratory  air. 

Previous  studies  have  demonstrated  that  aluminum  alloys  are  sensitive 

,,  (45-47) 

to  small  amounts  of  water  vapor. 
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Rg.4-19-  Effect  of  test  frequency  and  environment  on  fatigue  crack  growth 
rates  in  2219-T851  Aluminum  at  R = 0.8 


The  effect  of  test  temperature  on  growth  rates  at  R “ 0.8 
was  established  in  dry  argon  and  in  air  at  several  frequencies  — 
these  results  are  given  in  Figs.  4-20  to  4-22.  The  dry  argon  data  are  generally 
slower  than  data  in  air,  although  the  temperature  dependence  is  strongest 
in  dry  argon.  Air  data  exhibits  a temperature  dependence  at  200  Hz; 
however,  data  at  0.10  Hz  is  essentially  independent  of  temperature. 

This  frequency-temperature  interaction  is  more  clearly  Illustrated  in 
Fig.  4-23  where  results  are  presented  in  the  form  of  an  Arrhenius  plot 
which  is  commonly  used  to  represent  thermally  activated,  kinetic 
processes.  Each  of  the  linear  relationships  corresponds  to  a mechanical 
"driving  force"  of  AK  •»  6 ksiv^ba.  and  R = 0.8;  the  general  equation 
which  represents  these  results  is  as  follows: 

da/dN  = A exp  (-U/RT)  (4-1) 

where  A = constant  which  is  derivable  from  the  da/dN  Intercept 
of  Fig.  4-23. 

U * apparent  activation  energy  in  units  of  cal/mole 
R * universal  gas  constant  in  units  of  cal/“K-raole 
T = absolute  temperature  in  ®K, 

The  apparent  activation  energy  for  dry  argon,  2440  cal/mole, 
defines  the  temperature  dependence  of  the  purely  mechanical  component 
of  fatigue  crack  growth.  At  low  temperatures  the  air  environment 
markedly  increases  the  growth  rates  over  those  in  dry  argon.  However, 
the  apparent  activation  energy  for  the  enhanced  growth  rates 
in  air  significantly  decreases  with  decreasing  test  frequency.  Further- 
more, ,3  IfiO^F,  the  growth  rates  in  air  at  both  frequencies  and  the 
growth  rates  in  dr}’  argon  are  essentially  equal.  This  equivalency  of 
growth  rates  is  attributed  to  the  fact  that  at  250°F  the  moisture, 
that  was  present  in  the  laboratory  air  at  lower  temperatures,  is  driven 
off,  thereby  rendering  the  air  environment  inoculous.  Thus,  the 
frequency  dependence  of  the  apparent  activation  energy  is  caused  by  a 
changing  environmental  condition,  that  is,  by  a changing  moisture  level. 


58 


Rg.4-20-  Effect  of  temperature  on  fatigue  crack  growth  rates  in  2219- T851 
aluminum  tested  in  dry  argon 


Rg.4-21-  Effect  of  temperature  on  fatigue  crack  growth  rates  in  2219-T851 
aluminum  tested  in  air  at  R = 0.8,  freq.  = 200  Hz 


rig.4-22“  Effect  of  temperature  on  fatigue  crack  growth  rates  in  2219-T851 
aluminum  tested  in  air  at  R = 0,8.  Freo.  =0.10  Hz 


da/dN,  in. /cycle 


The  Influence  of  cyclic  frequency  on  the  temperature 
dependence  of  fatigue  crack  growth  rates  In  air  Is  a factor  that  must 
be  taken  Into  account  In  design.  However,  since  this  temperature- 
frequency  Interaction  Is  due  to  a changing  environmental  condition,  the 
corresponding  activation  energies  provide  little  information  about  the 
underlying  mechanism  which  controls  crack  growth.  Hence,  the  formulation 
of  mechanisms  of  fatigue  crack  growth  should  be  based  on  data  xinder 
constant  environmental  conditions. 

The  temperature  dependence  In  air  at  R ■ 0.1  was  observed  to 
have  the  same  characteristics  as  those  observed  at  R >■  0.8.  As  shown 
In  Fig.  4- 24,  the  temperature  dependence  at  R * 0.1  also  varies  with 
test  frequency  — the  lower  frequency  being  much  less  sensitive  to  changes 
In  temperature.  Comparing  these  data  with  the  R ->  0.8  of  Fig.  4-21 
provides  an  assessment  of  the  Influence  of  load  ratio  on  the  temperature 
dependence  of  the  fatigue  crack  growth  rates.  This  comparison  Is 
given  in  Fig.  4-25,  again  In  the  form  of  an  -Arrhenius  plot,  for  4K  ■ 

6 ksl/In.  and  a frequency  of  200  Hz.  As  Indicated,  Increasing  the  load 
ratio  from  R-O.ltoR^O.8  causes  a nearly  uniform  factor  of  four 
Increase  In  the  growth  rates.  The  corresponding  activation  energies 
of  1440  cal/mole  and  1360  cal/mole,  which  were  determined  from  linear 
regression,  are  interpreted  as  being  equivalent  considering  the 
Inherent  variability  in  the  rate  data.  Thus,  an  average  apparent 
activation  energy  of  1400  cal/mole  characterizes  the  temperature 
dependence  over  this  temperature  range  in  spite  of  the  fact  that 
data  at  R 0.1  represent  Region  II  behavior  and  data  at  R - 0.8 
represent  Region  III  behavior.  This  result  suggests  that,  for  a given 
test  frequency,  changes  in  temperature  causes  a parallel  shift  of  data 
along  the  da/dN  axis  which  can  be  described  by 

da/dN  - A(R)  exp  (-  (4-2) 

where  A(R)  - function  defining  the  load  ratio  dependence  of  da/dN 
as  discussed  In  Section  7.6. 

U(f)  > frequency  dependent  apparent  activation  energy. 
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Curve  6941 32-A 


Rg.4-24-*  Bfict  of  tempenture  on  fatigue  crack  growth  rates  In  239-1851 
aluminum  tested  in  air  at  R = OJ.  freq.  = O.IG,  200  Hz 


lOOWTemp,  ®K 
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Rg.4-25-  Effect  of  load  ratio  ( R)  on  the  temperature  dependence 
of  fatigue  crack  growth  rates  in  2219-1851  aluminum 


rig.4-26—  Effect  of  temperature  on  fatigue  crack  growth  rates  In  2219-T851 
aluminum  tested  In  air  at  R = -1.  Freq.  = 3 Hz 


Although  the  frequency  dependence  of  the  apparent  activation 
energy  is  clearly  shown  by  the  data  on  2219-T851,  additional  testing 
would  be  required  to  specifically  define  the  function  U(f).  However,  it 
should  be  noted  that  since  U(f)  appears  to  be  environmentally  controlled, 
and  since  air  growth  rates  In  2219-T851  converge  with  dry  argon  results 
at  250*F,  growth  rates  above  this  temperature  would  be  expected  to 
follow  the  inert  environment  rates  and  thus  exhibit  a single,  frequency- 
independent  activation  energy. 

It  should  also  be  pointed  out  that  Eq.  (4-2)  implies  that 
the  apparent  activation  energy  is  Independent  of  AK.  Some  dsta  from 
this  study,  notably  Figs.  4-20  and  4-21,  indicate  that  this  is  a reasonable 
assumption.  However,  it  has  been  reported  that  the  activation  energy  for 
fatigue  crack  growth  decreases  with  increasing  AK  for  aluminum  alloys 
exposed  to  distilled  water  and  various  gaseous  environments . 

Additional  data  showing  the  Influence  of  test  temperature  on 
fatigue  crack  growth  rates  in  2219-T851  aluminum  exposed  to  laboratory 
air  are  shown  in  Fig.  4-26  for  R - -1  and  a frequency  of  5 Hz.  These 
data  exhibit  generally  more  scatter  than  that  observed  at  R > 0,  never- 
theless, the  observed  temperature  dependence  is  consistent  with  the 
effects  at  positive  load  ratios. 

4. 3. 5. 2 lONl  Steel 

Figure  4-27  provides  a comparison  of  fatigue  crack 
growth  rates  in  lONl  steel  exposed  to  laboratory  air  (40-60%  RH)  and  dry 
argon  (<  1 ppm  water  vapor)  at  75*F.  Data  at  a common  test  frequency 
of  5 Hz  indicate  that  the  presence  of  moisture  in  the  laboratory  air 
enhances  the  growth  rates  slightly  over  the  inert  environment  rates. 

However,  the  sensitivity  is  less  than  that  observed  in  the  2219-T851 
aluminum  alloy. 

As  in  the  aluminum  alloy,  the  air  rates  at  0.10  Hz  are 
consistently  less  than  those  at  5 Hz  — again,  this  is  attributed  to 
transient  effects  accompanying  test  Interruptions  during  the  long 
duration  0.10  Hz  tests.  The  influence  of  test  frequency  on  the 
growth  rates  in  dry  argon  la  alniaal. 
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Fig.4-27-  Influence  of  a iaborntory  air  environment  (40  - 60%  RH  i on  fatigue 
crack  growth  rates  in  a 10  Ni  steel 
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Flg.4-28-  Effect  of  temperature  on  fatigue  crack  growth  rates  In  10  Nl  steel 
tested  In  dry  argon  at  R =0.8,  freq.  * 20  Hz 
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da/dN.  m/cycie 


da/dN.  in/cycle 


da/dN,  m/cycle 


da/dN.  in/cycle 


Rg.4-32~  Effect  of  temperati^e  on  fatigue  crack  growth  rates  In  lOfH  steel 
tested  in  laboratory  air  at  R =0.1,  Freq.  = 5 Hz 


da/dN,  in/cycle 


Figure  4-28  shows  that  temperature  changes  over  the  range 
from  -32“F  to  250 "F  result  in  no  dlscernable  trends  in  the  growth 
rates  in  dry  argon.  Growth  rate  data  obtained  in  laboratory  air  at 
temperatures  ranging  from  -100®F  to  250®F  are  given  in  Figs.  4-29  and 
4-33  for  a variety  of  load  ratios.  These  data  show  a consistent  Increase 
in  the  growth  rates  in  the  lONl  steel  as  temperature  is  Increased. 

However,  the  effect  is  in  some  cases  barely  dlscernable  and  never 
Increases  the  growth  rates  by  more  than  a factor  of  two.  For  this 
reason,  additional  analyses  in  terms  of  a Arrhenius  representation  was 
not  undertaken.  Data  in  Fig.  4-31  jhow  a slight  decrease  in  the  temperature 
dependence  as  the  test  frequency  is  decreased  and  thus  are  consistent 
with  the  general  explanation  of  the  temperature  dependence  formulated 
for  2219-T851  aliuninum. 

4. 3.6  Effect  of  Crack  Stralghtnesc 

During  the  acquisition  of  data  on  the  Influence  of  loading 
and  environmental  variables  on  fatigue  crack  growth  rates , ancillary 
information  was  obtained  on  the  Influence  of  crack  straightness  on 
measured  fatigue  crack  growth  rates.  Crack  straightness,  which  differs 
from  crack  tunneling.  Is  defined  in  terms  of  differences  in  crack 
length  measured  on  the  front  and  back  surfaces  of  a specimen.  The 
allowable  extent  of  crack  non-stralghtness  Is  specified  In  Section  8.7.4 
of  Appendix  1. 

Figure  4-34  provides  an  example  of  the  effect  of  non-straight 
cracks  on  the  fatigue  crack  growth  rates  measured  at  several  test 
temperatures.  The  anomalous  rates  which  are  shown  as  solid  data 
points  correspond  to  violations  of  the  proposed  straightness 
requirements  (Section  8.7.4,  Appendix  I).  These  data  were  generated 
on  1/4-in. -thick  CT  specimens  (W  ■ 2 in.).  The  Invalid  rate  measurements 
are  based  on  front  and  back  surface  crack  length  measurements  which 
differed  by  more  than  0.050  in.  and  thus  exceeded  the  0.025W  requirement. 
This  difference  was  primarily  the  result  of  unsymmetrlcal  Initiation 
of  cracking  along  the  machined  notch  during  precracking. 
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da/dN.  in 


da/dN.  m/qicle 


These  problems  are  Inevitable,  In  spite  of  the  notch  preparation 
procedures  recommended  in  Section  7.3  of  Appendix  I. 

The  above  results  clearly  demonstrate  the  need  for  a 
limitation  on  crack  non-straightness  and  attest  to  the  utility  of 
the  proposed  straightness  requirements.  Recognlzatlon  of  this 
problem  should  help  to  explain  — and  hopefully  eliminate  — some 
of  the  anamolous  data  reported  in  the  literature,  particular  those  at 
the  start  of  a test. 
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Ao4  Establishment  of  Specimen  Size  Requlraments 

The  purpose  of  a requirement  on  specimen  size  In  fatigue  ciack 
growth  rate  testing  Is  to  maintain  predominately  elastic  conditions  In 
the  test  specimen,  thereby  allowing  results  to  be  Interpreted  In  terms 
of  the  crack-tip  stress  intensity  which  Is  defined  by  linear-elastic  theory. 
The  size  requirement  Is  not  Intended  to  maintain  a plane  strain  state 
of  stress  at  the  crack-tip  as  Is  the  case  for  size  requirements  In 
ASTM  E399  on  fracture  toughness  testing.  Specimen  thickness  (and  thus 
stress  state)  Is  considered  to  be  a controlled  test  variable  In  fatigue 
crack  growth  rate  testing. 


Current  recommended  size  requirements  for  fatigue  crack  growth 
rate  testing  (Section  7.2  of  Appendix  I)  are  as  follows: 


CT  Specimens 


(4-3) 


CTT  Specimens 


■^YS 


TThere 


. P 

'’n  “ BW(1  - 2a7w) 


(4-4) 


(4-5) 


In  terms  of  a requirement  on  the  specimen's  uncracked  ligament, 
Eqs.  (4-4)  and  (4-5)  give 


(W-2a)  > 


P 

ma-^ 


(4-6) 


These  requirements  are  specific  ro  specimen  geometry  because 
as  discussed  previously  the  loading  modes  of  these  specimens  differ 
significantly.  ^ For  the  CCT  specimen,  which  is  loaded  in  a tensile 
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mode,  the  conditions  of  ■ o^g  and  fully  plastic  limit  load  are 
achieved  at  nearly  the  same  applied  loads.  On  the  other  hand, due  to  a 
bending  mode  In  the  CT  specimen  these  two  conditions  occur  at  significantly 
different  applied  loads.  Thus, a broader  range  of  possible  requirements 
exist  for  the  CT  specimen.  For  this  reason  data  on  the  general  utility 
of  the  size  required  for  the  CT  specimen  are  reviewed  and  discussed  In 
the  following  sections.  Addition  questions  are  also  addressed  In  these 
sections;  namely, 

1)  Should  size  requirements  be  formulated  In  terms  of  the  monotonlc  or 
cyclic  plastic  zone  size? 

2)  If  the  monotonlc  plastic  zone  is  appropriate,  how  should  It  be 
estimated  for  strain-hardening  materials? 

4.4.1  Results  on  10  N1  Steel 

The  high  toughness  of  the  10  N1  steel  examined  in 
this  program  provided  the  opportunity  to  generate  results 
which  give  information  on  the  current  size  requirements.  Fatigue 
crack  growth  rates  obtained  at  R ■ 0.8  using  CT  specimens  (B  - 1/4  in., 

W - 2.0  in.)  are  shown  In  Fig.  4-35;  results  violating  the  current  size 
requirement  are  given  as  solid  data  points.  Data  obtained  at  a test 
frequency  of  0.1  Hz  are  up  to  a factor  of  two  slower  than  those 
obtained  at  5 Hz  and  are  believed  to  be  related  to  transient  effects 

(2) 

accompanying  test  interuptions  during  these  long  duration  test  at  0.1  Hz. 
Note  also  that  Invalid  data  tend  to  exhibit  upturns  or  accelerations  ~ 
partlcularly  in  specimen  lON-9. 

Specimen  deflections, measured  at  a location  0.19  in. 

from  the  front  surface  of  these  specimens, were  monitored  throughout 

the  tests.  Figures  4-36  and  4-37  give  both  the  maximum  deflection.  V 

max 

and  the  deflection  range,  AV  as  a function  of  fatigue  crack  length. 

The  maximum  deflections  calculated  from  elastic  compliance  , Is 

also  provided  for  comparison.  As  shown  values  of  V for  both 

max 

A 

Equations  for  calculation  of  elastic  compliance  are  given  in 
Section  3.4. 
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Curve  69 35 72 -A 


a,  Crack  Length,  in. 


Fig. 4-36-  Measured  versus  elasticaliy  caicuiated  specimen 
deflections  during  fatigue  crack  growth  test  on  10  Ni  steel 
{ Specimen  lON-28) 
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6 

specimens  lON-11  and  lON-28  become  increasingly  larger  than  as  the 
fatigue  crack  extends.  This  deviation  (V  -V^  ) is  due  to  plasticity 
development  in  the  uncracked  ligament  and  defines  a plastic  component 


of  the  specimen  deflection,  V 


plastic' 


Furthermore,  the  deflection  range 


remains  essentially  unaffected  by  this  plasticity  development  as 
evidenced  by;  1)  no  hysteresis  In  periodic  autographic  recordings  of 
load  versus  deflection  during  the  test  and  2)  compliance  values  obtained 
from  measured  AV  values  were  consistent  with  calculated  elastic 
compliance  values . 

Figures  4-36  and  4-37  also  identify  the  maximum  crack  length 
values  from  Eq.  (4-3).  As  indicated  In  these  figures,  meeting  the 
specimen  size  requirement  limits  about  10  to  20  percent 


of  V 


max 


The  Increase  V 


plastic 


for  data  not  satisfying  Eq.  (4-3) 


appears  to  be  the  cause  of  the  accelerated  growth  rates  in  Fig.  <4-35. 


The  deflection  data  in  Figs.  4-36  and  4-37  also  Illustrate  that 

fracture  of  the  10  Ni  steel  test  specimens  is  controlled  by  fully 

plastic  limit  load  behavior  rather  than  by  a controlled  instability. 

Terminal  values  of  crack  length  agree  with  predictions  based  on  fully 

plastic  limit  load  while  terminal  K values  of  about  200  ksi*'^. 

max 

are  estimated  to  be  significantly  below  the  fracture  toughness  of  this 
material. 

4.4.2  Survey  of  Results  on  Other  Materials 

A survey  of  fatigue  crack  growth  rate  data  from  the  literature 
which  provides  additional  insight  on  the  specimen  size  requirement  for 
CT  specimens  is  prerented  in  this  section.  This  information  primarily 
relates  to  the  applicability  of  the  current  size  requirement  to  low 
strength  materials. 


James  has  sumnarlzed  room  temperature  fatigue  crack  growth 
rate  data  on  annealed  304  stainless  steel  (o^g  - 30  ksl)  which  was 

*Unfortunately.  due  to  X-Y  recorder  problems,  deflection  measurements 
were  not  obtained  near  the  end  of  the  test  for  specimen  lON-9  which 
exhibited  the  most  accelerated  growth  rates. 
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(9) 

obtained  using  ten  widely  differing  specimen  geometries.  As 
Illustrated  in  Fig.  ^-38  these  data  are  within  a scatter  band  of  a factor 
of  3 to  4 and  are  considered  to  be  in  reasonabls  agreement 
considering  the  fact  that  they  were  generated  by  different  laboratories 
and  Include  small  variations  in  such  variables  as  relative  humidity, 
cyclic  frequency,  and  load  ratio.  Unfortunately,  detailed  information 
on  test  loads  and  crack  lengths  are  not  available  for  many  of  these 
data  to  check  whether  or  not  Eq.  (4-3)  is  violated.  However,  data 
on  the  CT  (W  - 2 in.  and  4 in.)  and  WOL  (W  * 2.55  in.)  bpeclmens  are 
certain  to  be  in  violation  of  Eq.  (4-3)  — particularly  those  data 
above  60,000  psi»^.  In  spite  of  this  fact,  CT  and  WOL  data  agree  with 
results  from  the  other  specimen  geometries.  This  geometry  independence 
of  the  data  suggests  that  the  assumption  of  small  scale  yielding  Is  not 
violated,  and  thus  the  crack-tip  stress  intensity  represents  a proper 
driving-force  for  fatigue  crack  growth  under  these  conditions. 

Figure  4-39  includes  additional  data  on  annealed  304  stainless 

steel.  These  data  were  obtained  at  1000®F  (where  “ 17  ksi) 

Yb 

using  CT  (W  - 2-0  in.)  and  stngle-edge-notched  (SEN,  W ■ 5.0  in.) 
specimens.  From  information  on  applied  loads  and  crack  lengths, 
specific  data  points  for  these  tests  were  checked  against  the  require- 
ment of  Eq.  (4-3).  Solid  points  in  Fig.  4-39  represent  data  which 

A 

violates  Eq.  (4-3)  while  open  points  are  valid.  Interestingly,  data 
differentiated  on  this  basis  exhibit  growth  rates  which  are  in  agreement 
(within  a factor  of  two)  when  results  are  analyzed  in  terms  of  linear- 
elastic  fracture  mechanics.  The  implication  of  these  results  is  that 
Eq.  (4-3)  results  in  conservative  size  requirements  for  annealed  304 
stainless  steel. 

Additional  information  on  this  point  is  provided  by  data  from 
Dowling^  ^and  Paris,  et  al.^^^^on  r,n  A533B  steel  (o^g  ■ 70  ksi)  and 

Since  deeply  cracked  SEN  specimens  experience  a loading  mode  similar 
to  that  for  CT  specimens,  it  is  assumed  that  Eq.  (4-3)  is  equally 
applicable  to  SEN  specimens. 


84 


da/dN.  in/ cycle 


Curve  695902-A 


AK,  MPa  ^[lm 


10  20  40  60  80  100 

AK,  ksl  yjln 


Fig.  4-38“Fatlgue  crack  growth  rate  data  on 
annealed  304  stainless  steel  Illustrating 
geometry  independence 
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frig,  4-39-  Fatigue  crack  growth  rate  data  on  annealed  304  stainless  steel 
tested  at  1000‘F 
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FATTOOE-C’^^CK  GRTf-TH  RATE.  da/dN,  mm'cycle 


<ta/dN,  Crack  Groath  Rale,  i 


^K,  Stress  Intensity  Range,  ksljlh 

Rg.4-«- Fatigue  crack  growth  rate  versus  stress  Intensity  for  various  size  specimens 
of  A533B  steel 
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Fig.  4-41-  Fatigue  crack  growth  rate  versus  stress  intensity  for  various 
size  specimens  of  A469.  Cl.  5 steel 


Curve  693574-A 


a.  Crack  Length,  in. 


Fig. 4-42- Measured  versus  elastically  calculated  specimen 
defiections  during  fatigue  crack  growth  test  on  A5336  steel 
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by  Dowling  and  ClarK  on  an  A469  steal  ■ 96  ksl).  Thssa  data 
which  were  obtained  on  a wide-range  of  CT  and  WDL  ■pselnsn  altas  are 
shown  In  Figs.  A-40  and  4-41;  solid  symbols  rsprsssnt  data  obtained  under 
conditions  where  the  nominal  stress  (Including  tension  plus  banding) 

In  the  uncracked  ligament,  o^,  was  less  than  tha  BStariala'  yield 
strengths,  while  open  symbols  are  for  o^  > Terminal  data  points 

In  these  tests  coincide  with  fully  plastic  limit  load  conditions. 

Equation  (4-3)  is  violated  about  midway  (In  terms  of  Lt)  between 
~ fully  plastic  behavior.  In  spite  of  this  fact  data 

(Figs.  4-40  and  4-41)  which  are  both  valid  end  Invalid  by  Eq.  (4-3)  are  in 
agreement . 

Deflection  measurements  are  also  available  for  specimens 
used  to  obtain  data  above  10  ^ In. /cycle  in  PlgB>  4>40  and  4-41.  For  example, 

Fig.  4-42  shows  the  maximum  deflection  as  a function  of  fatigue  crack 

length.  As  Indicated  In  Fig.  4-42,  Eq.  (4-3)  is  violated  for  crack 

lengths  beyond  1.03  In.,  however,  unlike  behavior  in  the  10  HI  steel 

(Figs.  4-36  and  4-37)  the  measured  and  elastically  calculated  deflections 

remain  equal  at  this  point.  This  behavior  is  probably  due  to  the  fact 

that  the  A533B  steel  Is  capable  of  considerably  more  monotonlc  strain 

hardening  than  Is  the  10  N1  steel.  Using  the  flow  stress,  l.e.,  '■ 

°flow  “ 1/2(oys  + place  of  o^g  in  Eq.  (4-3)  Is  a simpls 

means  of  accounting  for  strain  hardening,  nevertheless,  It  prsdlcta  a 

limiting  crack  length  of  1.08  In.  which  coincides  with  the  onset  of  a 

measurable  plastic  deflection  component.  Another  Interesting  point  is 

the  fact  that  this  plastic  deflection  appears  not  to  cause  acceleration 

In  the  data  as  was ^ the  case  In  the  10  Hi  steel. 

4.4.3  Discussion  and  Recoimnendatlons  on  Specimen  Sise  Requirements 

Results  presented  In  previous  sections  indicste  that  for  high 
strength,  low  monotonlc  strain  hardening  materials  (e.g.,  10  Hi  steel) 
the  current  size  requirement  for  CT  specimens  corresponds  to  the  onset 
of  a measurable  plastic  deflection  in  the  specimen  which  are  accompanied 
by  accelerations  in  growth  rate.  Thus,  for  these  msterials  the  size 
requirement  of  Eq.  (4-3)  appears  both  appropriate  and  necessary.  On  | 
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the  other  hand,  the  same  size  requirement  appears  to  be  conservative 
for  low  strength  materials  which  exhibit  significant  monotonlc  strain 
hardening  (e.g.,  annealed  304  stainless  steel). 


Several  alternatives  are  worth  considering  to  alleviate  the 
conservative  requirement  for  low  strength  materials.  Since  most  of 
these  materials  also  exhibit  cyclic  hardening,  it  has  been  proposed 
that  Eq.  (4-3)  be  simply  modified  by  replacing  a by  the  0.2Z  offset 

/ C / \ 

cyclic  yield,  Oys^*  Another  alternative,  which  was  considered 

in  the  previous  section,  is  to  replace  by  %lt^ 

in  Eq.  (4-3).  The  impact  of  each  of  these  changes  on  size  requirements 
for  various  materials  is  given  in  Table  4-4.  Both  the  monotonlc  and 
cyclic  flow  properties  are  given  for  a variety  of  materials;  the  last 
two  columns  give  factors  by  which  the  current  remaining  ligament  (W-a) 
requirement  would  be  changed  by  the  above  modifications.  For  several 
materials  these  changes  are  quite  large;  for  example,  in  hot  rolled 
and  annealed  SAE  AM- 350, replacing  a^g  by  requires  a (W-a)  which 

is  25%  of  the  current  requirement  and  replacing  a^g  by  requires 

(W-a)  which  is  only  11%  of  the  current  requirement.  For  higher 
strength  materials  the  Impact  of  these  same  changes  is  much  different; 
for  example,  in  quenched  and  tempered  SAE  4340  steel  replacing  Oyg 
by  alter  the  (W-a)  requirement  by  only  a few  percent,  while 

replacing  Oyg  bv  Oyg  would  require  a (W-a)  of  2.8  times  the  current 
requirement  due  to  the  fact  that  this  material  cycllcly  hardens.  Howeyer, 
an  increase  in  the  size  requirement  for  high  strength  materials  such  as 
SAE  4340  is  not  consistent  with  general  testing  experience. 


It  is  helpful  to  further  consider  the  above  alternatives  in 
terms  of  simple  physical  models.  The  current  size  requirement  for  CT 
specimens  is  equivalent  to  restricting  the  monotonlc  plastic  zone 

size  ilTy)  to  a fixed  percentage  of  the  specimen’s  uncracked  ligament. 

^ (55)* 

For  plane  stress  conditions  2rY  is  estimated  by 

*The  arguments  which  follcw  apply  equally  well  for  plane  strain 
conditions . 
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(4-7) 


thus,  the  requirement  of  Eq.  (4-3)  allows 


2r. 


(W-a) 


- 1/4 


(4-8) 


Hence,  the  current  size  requirement  limits  the  monotonic  plastic  zone 
to  about  25%  of  the  uncracked  ligament. 

For  cyclic  loading  the  plane  stress  plastic  zone  size  (2rY*^) 
can  similarly  be  estimated 


3^ 

4tt 


(|!L) 

°YS 


(4-9) 


In  addition,  since  reversed  yielding  occurs  In  the  cyclic  plastic  zone 
It  Is  appropriate  to  use  in  place  of  o^g  in  the  above  equation, 

giving 


(4-10) 


The  ratio  of  cyclic  to  monotonic  plastic  zone  sizes  Is  from  Eqs.  (4-7) 
and  (4-10)  Is  given  by 


4 


o 2 
(-^) 
OYS 


(4-11) 


where  R - K . /K  . As  indicated  by  Eq.  (4-11)  this  ratio  becomes 
very  small  for  large  R values  and  for  much  cyclic  hardening.  A schematic 
of  relative  plastic  zone  sizes  Is  given  In  Fig.  4-43  for  R 0 and  R 0.8 
and  for  various  degrees  of  cyclic  hardening.  As  illustrated  both  cyclic 
and  monotonic  plastic  zones  are  present  during  fatigue  crack  growth  rate 
testing. 

The  above  relative  size  estimates  are  consistent  with 
the  deflection  measurements  presented  previously.  Section  4.4.1. 
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Measurable  plastic  deflections  occur  when  the  monotonic  plastic  zone 

size  Is  about  25%  of  the  uncracked  ligament  and  these  plastic 

deflections  continue  to  Increase  as  the  fully  plastic  limit  load 

condition  Is  approached.  The  lack  of  hysteresis  In  load  versus 

deflection  recordings  Is  due  to  the  relatively  small  size  of  the  cyclic 

plastic  zone.  In  view  of  this  behavior  it  is  apparent  that  although  deformation 

processes  in  the  cyclic  plastic  zone  may  control  crack  extension, 

the  specimen  size  requirement  should  be  based  on  restricting  the 

monotonic  plastic  zone  size.  (This  is  especially  so  at  large  R 

values.  Fig.  4-43,  where  a size  requirement  is  most  needed).  It  also 

follows  that  It  is  physically  unrealistic  to  simply  replace  o by 
c 

Oys  in  the  current  size  requirement,  Eq.  (4-3).  The  use  of 

Eq.  (4-3)  to  account  for  monotonic  strain  hardening,  however,  appears 

to  be  a viable  alternative. 

With  respect  to  the  disposition  of  the  current  size 

requirement,  it  is  recommended  that  it  be  left  unaltered  in  the 

current  test  method  for  the  following  reasons.  First,  it  serves  a 

necessary  purpose  for  high  strength,  high  toughness  materials. 

Secondly,  the  following  questions  need  to  be  answered  before  a size 

requirement  which  Is  equally  applicable  to  all  materials  Is  formulated: 

2 

1)  Does  the  condition  defined  by  W-a  ■ 4/tt  ^)  correspond 

'.he  onset  of  plastic  deflections  for  most  materials,  particularly 
with  much  monotonic  strain  hardening?  and  2)  How  are  fatigue 
c'.'ack  growth  rates  in  various  materials  affected  by  these  plastic  deflections? 

3)  Are  the  calculated  stress  intensities  affected  by  plastic  deflections? 

The  proposed  test  method  contains  a caveat  which  describes 
the  limitations  of  the  current  size  requirement  and  contains  a provision 
whereby  previously  generated  data  can  be  validated  by  empirically 
demonstrating  that  equivalent  da/dN-AK  results  are  obtained  for  larger 
specimens  which  satisfy  the  current  size  requirement.  In  addition,  a 
recommended,  but  optional,  procedure  is  provided  to  monitor  specimen 
deflections  during  tests  which  violate  the  current  size  requirement  — 
this  type  of  information  is  necessary  to  resolve  the  above  questions. 
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Fig. 4-43*“  Schematic  of  idealized  cyclic  and  monotonic 
plastic  zone  sizes  for  various  load  ratios  (R)  and 
degrees  of  cyclic  hardening 


95 


Several  test  programs  are  underway  at  various  laboratories  to 
generate  sufficient  data,  using  a wide  range  of  specimen  sizes,  to 
answer  the  questions  put  forth  in  this  section,  and  thereby  attempt  to 
establish  a size  requirement  which  is  equally  applicable  to  all  materials 
ASTM's  Task.  Group  on  Fatigue  Crack  Growth  Rate  Testing  (E24.04.01)  is 
serving  as  a clearinghouse  for  this  information  and  will  subsequently 
work  to  update  the  size  requirements  in  future  versions  of  ASTM  Standards 
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5.  SPECIALIZED  PROCEDURES  FOR  LOW  GROWTH  RATE  TESTING 

5. 1 Overvlev  of  Proposed  Methods 

Many  low  crack  growth  rate  test  method  guidelines  parallel 

those  of  the  recommended  high  and  Intermediate  crack  growth  rate  test 

practice.  These  Include  requirements  on  grips  and  fixtures,  specimen 

configuration  and  sizes,  measurement  of  crack  length  vs.  cycles 

Information,  data  processing  and  reporting.  Low  crack  growth  rates  are. 

In  general,  more  sensitive  to  R~value  and  small  variations  In  AK  than 

at  Intermediate  crack  growth  rates,  for  example,  see  Fig.  4-16.  Data 

variability  at  low  da/dN  may  be  amplified  (relative  to  variability  at 

high  da/dN)  by  increased  sensitivity  to  material  differences,  local 

residual  stresses,  crack  front  Irregularities  and  load  precision. 

Moreover,  the  detection  of  anomalous  low  crack  growth  rate  data  is 

generally  made  more  difficult  by  the  greater  length  of  time  required 

between  measurements  and  by  limited  data.  Consequently,  several 

precautions  were  Introduced  into  the  proposed  method  to  control 

variability  of  low  crack  growth  rate  measurements  . Procedures  were 

also  developed  to  ensure  that  low  crack  growth  rate  measurements  would 

be  representative  of  the  materials  true  steady  state  characteristics, 

and  that  artifacts  attributed  tc  transient  crack  growth  are  minimized. 

The  most  notable  modlf Icatloos  to  the  proposed  practice  to  ensure 

reliable  data  in  the  lew  crack  growth  rate  regime  are:  (1)  precracklng 

requirements,  (2)  use  of  specialized  K-decreaslng  techniques,  and 

(3)  inclusion  of  an  operational  definition  of  the  fatigue  crack  growth 

threshold,  AK  . . 

th 

5.2  K-Inc.reasing  Vs.  K-Pecreasing  Test  Methods 

Crack  growth  rate  data  below  10  ^ m/cycle  may  be  generated  by 
K-increaslng  or  K-decreasing  test  procedures.  Vhen  load  amplitude  is  held 
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{ constant,  values  Increase  as  the  crack  extends  In  nsost  specimen 

geometries.  This  constant-load  amplitude,  K-increaslng  technique  is  the 
preferred  method  of  data  acquisition  for  intermediate  end  high  crack 
growth  rate  regimes  (see  Section  8.5,  Appendix  1).  However,  when  very 
low  rates  of  crack  growth  are  to  be  established  by  K-lncreasing  methods, 
precracking  becomes  very  time  consuming  and  causes  the  method  to  be 
inefficient.  For  these  situations,  a K-dccroaslng  method  becomes  more 
desirable  since  precracking  can  either  be  minimized  or  eliminated. 

In  K-decreaslng  tests,  conventional  precrack  procedures  are 
employed  to  initiate  the  crack,  whereupon  valid  crack  growth  rate  data 
are  established  as  load  and  stress  Intensity  factor  are  decreased 
according  to  some  predetermined  schedule.  For  low  crack  growth  rate 
measurements,  this  approach  1>  most  attractive  since  significant  time 
spent  precracking  at  low  AK  is  eliminated.  Moreover,  the  K-decreasing 
process  may  be  halted  at  any  crack  length,  the  load  range  fixed, and  the 
test  continued  as  a K-lncreasing  test  according  to  requirements  of 
Section  8.5,  Appendix  I.  Conducting  K-lncreaslng  and  K-decreaslng 
tests  within  a single  experiment  provides  a reasonable  method  tor 
assessing  reproducibility  of  data  and  is  a viable  approach  for  detection 
and  elimination  of  anomalous  results.  Also,  under  K-decreaslng  test 
conditions  the  specimen  size  requirement  of  Section  1.2,  Appendix  I, 
becomes  less  restrictive  since  K is  lowest  when  the  remaining  uncracked 
specimen  ligament  (W-a)  is  smallest.  Planning  the  load  schedule  and 
processing  data  for  a K-decreaslng  test  la  more  complex  than 
that  fer  a K-lncreaslng  test.  In  addition  special  precautions  are 
necessary  to  ensure  valid  data  which  are  free  of  transient  behavior. 

These  latter  considerations,  however,  are  readily  overcome  with  added 
testing  experience.  For  low  crack  growth  rate  measurement,  the  greater 
efficiency  offered  by  the  K-decreasing  test  approach  seems  to  far  out- 
weigh the  added  complexity.  Consequently,  after  some  initial  exploratory 
testing,  this  part  of  the  program  focused  on  estahliehlng  acceptable  low 
crack  growth  rate  test  procedures  which  utilize  a K-decreaslng  technique. 


For  the  standard  CT  and  CCT  specimen  configurations,  testing  In 
which  K decreases  with  crack  extension  can  be  provided  by  programmed 
shedding  of  load  (or  deflection)  or  by  constant  deflection.  A third 
possible  K-decreaslng  teat  technique  considers  specimens  loaded  by  wedge 
opening  forces'  however,  flxturlng  for  this  method  Is  cum^rsome, 

and  in  fact,  prohibitive  at  high  test  frequencies.  In  this  Investigation 
the  primary  K--decreasing  approach  employed  was  manual  shedding  of  loads 
In  discrete  steps  as  Illustrated  by  Fig.  7,  Appendix  I.  (Programmed 
load  shedding  can  also  be  accomplished  In  a relatively  continuous  manner 
by  employing  computer  controlled  techniquen  as  discussed  in  Ref.  (59). 

Tests  under  constant  deflection  conditions  were  used  for  a limited 
number  of  K-decreasing  experiments  in  this  study.  Experience  Indicated 
that  it  was  usually  easier  and  more  accurate  to  control  and  monitor 
stress  intensity  factor  from  load  measurements  made  remote  from  the 
specimen  by  a load  cell,  than  from  deflection  measurement  at  the  specimen. 
Furthermore,  programmed  shedding  of  load  affords  traversal  of  a much 
broader  range  of  K than  does  the  constant  deflection  test  method.  For 
example,  K decreases  by  less  than  a factor  of  two  under  constant 
deflection  over  an  a/W  range  of  0.3  to  0.7  for  the  CT  geometry.  However 
for  the  same  configuration,  programmed  load  shedding  permits  a much 
braoder  range  of  K over  the  same  a/W  range.  For  these  reasons,  programmed 
load  shedding  was  the  preferred  K-decreasing  test  method  used  in  this  study. 

Valid  low  and  intermediate  fatigue  crack  growth  rate  data 
obtained  by  K-lncreasing  (constant-load-araplitude)  and  K-decreaslng 
(programmed  load  shedding)  test  methods  at  various  R-values  are  shown  In 
Figs.  5-1  and  5-2  for  the  2219-T851  aluminum  alloy,  and  in  Fig.  5-3  for 
the  lONl  sceel  . Also  shown  In  Fig.  5-1  are  limited  K-decreasing 

Intermediate  crack  growth  rate  data  obtained  from  constant-deflectlon- 
amplltude  tests.  For  many  tests  the  K-decreaslng  portion  of  the  test  was 
followed  by  a K-lncreaslng  portion  in  which  fatigue  crack  propagation 
data  at  low  and  Intermediate  growth  rates  were  determined.  In  these 
tests  the  K-decreaslng  (load  shedding)  process  was  terminated  after 
obtaining  the  desired  low  crack  growth  rate,  the  loads  fixed,  and  the  test 
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continued  to  completion  as  a K-lncreaalng  test.  Thus,  the  K-lncreaslng 
test  data  provided  a check  on  the  validity  of  the  K-decreaslng  test 
data  determined  on  the  same  test  specimen,  thus  transient  and  anomalous 
data.  If  present,  were  readily  detected  and  eliminated.  When  validity 
requirements  and  procedures  of  Appendix  I were  met,  K-lncreaslng  and  K- 
decreaslng  data  established  for  both  alloys  were  found  to  be  In  good  agree- 
ment. Agreement  between  K-lncreaslng  and  K-decreaslng  data  was  even 
better  when  results  were  generated  using  the  two  techniques  on  the  same 
specimen.  This  Is  best  Illustrated  by  test  data  determined  on  single 
specimens  from  lONl  steel  alloy  at  R ■ 0.5  and  R ••  0.8  shown  in  Fig.  5-3. 

5 . 3 Detecting  and  Eliminating  Transient  Effects 

Transient  crack  growth  phenomena  are  likely  to  occur  during 
the  course  of  a test,  particularly  when  loading  and/or  environmental 
variables  are  changed,  or  when  crack  front  irregularities  develop. 

Optimum  test  procedures  should  be  designed  to  recognize  and  minimize 
potential  sources  of  test  method  variability  so  that  established  crack 
growth  rate  data  are  representative  of  true  steady-state  characteristics 
of  the  material-environment  combination  being  considered.  The  following 
sections  provide  a discussion  of  the  procedures  and  requirements  of 
Appendix  I which  are  designed  to  eliminate  transient  data,  particularly 
those  requirements  related  to  low  growth  rate  testing. 

5.3.1  Frecracklng  Procedure 

The  Importance  of  precracking  is  to  provide  a sharp,  straight 
(also  symmetrical  for  the  CCT  specimen)  fatigue  crack  of  adequate  length 
which  ensures  that  (1)  the  effect  of  the  machined  starter  notch  Is  removed 
f from  the  specimen  K~ calibration,  (2)  crack-tip  conditions  have  become 

stable  with  respect  to  conditions  of  the  material  and  environment  under 

I test,  and  (3)  any  permanent  or  transient  fatigue  crack  growth  characteristics 

caused  by  crack  front  Irregularities  and/or  precrack  load  history  are 

I 

, minimized.  These  assurances  are  basically  satisfied  by  the  testing 

, ( ) 

( requirements  of  Section  8.3,  Appendix  I. 

I 

t An  example  for  the  need  for  a minimum  precrick  length  requirement 

Is  Illustrated  by  the  crack  growth  rate  data  for  aluminum  alloy  2024-T351 
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shown  in  Fig.  These  dsts  were  developed  from  tests  on 

Identical  specimen  geometries  tested  at  various  fixed  AP  values. 

It  was  found  that  regardless  of  initial  loads,  a crnck  length  on  the 
order  of  0.15  in.  (3.8  mm)  from  the  notch  tip  was  required  for  data 
to  fit  the  general  trend  line  shown.  The  imminent  danger  of  a ''false" 
interpretation  of  threshold  is  rather  obvious  from  these  results. 

Experience  gained  at  precracking  many  specimens  for  the  low  crack  growth 
rate  tests  in  this  investigation  Indicated  that  a*  minimum  precrack 
extension  of  0.10  in.  (2.5  mm)  from  the  machined  notch  was  generally  sufficient 
to  ensure  elimination  of  crack  growth  transients,  provided  other  require- 
ments of  Section  8.3,  Appendix  I,  were  also  met. 

When  the  prccracking  procedure  Involves  a series  of  stepped  decreases 

in  stress  intensity  factor  it  is  Important  that  crack  growth  retardation, 

or  other  transient  crack  growth  characteristics,  have  negligible  effect  on 

crack  growth  measurement  at  the  beginning  of  the  test.  Transient 

characteristics  of  overload-retardation  phenomena  have  been  well  documented 

in  the  literature • It  was  observed  on  several  occasions  during  this 

program,  particularly  when  the  stepped  load  reduction  was  significant 

('’'20%  of  the  previous  load),  that  a period  of  crack  growth  stabilization 

extended  over  several  plastic  zone  diameters  following  the  overload. 

However,  when  the  overload  plastic  zone  size  was  small  relative  to  the  crack 

growth  Increment,  Aa,  over  which  crack  growth  rate  was  established,  no 

measurable  transient  crack  growth  could  be  detected.  It  has  been 

demonstrated  for  several  materials  that  retardation  in  the  growth  rates 

caused  by  overloads,  in  the  form  of  either  a single  spike  or  a 10  cycle 

block,  only  occurs  over  a crack  extension  interval  of  less  than  three 

f62i 

times  the  overload  plastic  zone  size'  . Other  data,  shown  in  Fig.  5-5, 
illustrate  that  small  overloads,  consisting  of  less  than  about  a 20 
percent  increase  over  the  maximum  load  of  base  line  cycles,  have  a negligible 
effect  on  the  apparent  fatigue  crack  growth  threshold . The  afore- 
mentioned observations  provided  guidelines  for  the  precracking  requirements 
in  Section  8.3.2.,  Appendix  I;  specifically,  that  (1)  reduction  in  K 
be  in  increments  no  greater  than  20  percent,  and  (2)  the  final  precrack 
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SKtjjo  is  the  apparent  threshold  stress  intensity 
for  oaseline  constant-amplitude  cycles, 
and  AK^  * is  defined  as  the  A^  level, 
subsequenrto  an  overload,  where  crack 
growth  is  detected  in  less  than  107  cycles. 
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Fig.  5-5  Relative  Change  in  Fatigue  Crack  Growth  Threshold  After 
Single  Cycle  Overloads  as  a Function  of  the  Relative 
Overload  for  Two  Alloys  and  Various  Stress  Ratios 
(Hopkins  et  al,  ASTM  STP  595) 


2 

length,  a^,  shall  be  greater  than  (3/ir)‘  (K^Ay^/a^g)  +a^,  where  Knax^ 
the  terminal  value  of  K at  any  prior  load  step  and  a.  Is  the 
corresponding  crack  length.  The  latter  requirement  ensures  that  the 
final  precrack  length  Is  separated  from  the  largest  overload  plastic 
zone  boundry  by  at  least  three  plastic  zone  diameters.  Since  low  crack 
growth  rate  behavior  Is  also  known  to  be  highly  sensitive  to  R-values, 

Section  8.3.2  of  Appendix  I also  recommends  that  the  R-value  during  the 
final  stages  of  precracking  be  kept  the  same  as  that  of  subsequent  testing. 

5.3.2  K-Increaslng  Test  Procedures 

Guidelines  for  elimination  of  several  forms  of  transient 
crack  growth  phenomena  for  the  K- Increasing  test  are  specified  In  the  general 
procedure  for  high  and  Intermediate  crack  growth  rate  testing,  Section  8.5, 
Appendix  I.  Under  this  form  of  testing,  transient  crack  growth  Is 
Introduced  primarily  when  load  and/or  environmental  conditions  are  changed 
during  the  test,  thus  testing  an  entire  specimen  at  a constant  AP  Is 
preferred.  If  load  range  must  be  varied.  It  is  suggested  that  P^^^ 

Increase  rather  than  decrease  to  avoid  retardation-delay  phenomena. 

Transient  fatigue  crack  growth  behavior  Is  also  known  to  depend  on  environ- 
mental considerations.  For  example,  transient  crack  growth  phenomena 

associated  with  long  duration  test  Interruptions  have  been  reported  in 

(4) 

the  literature  for  various  material-environment  systems 
Therefore  minimizing  both  the  number  and  durations  of  test  Interruptions 
Is  desirable.  The  test  procedure  also  specifies  that  data  should  be 
discarded  If  growth  rates  following  an  Interruption  are  less  than  those 
before  the  Interruption,  Section  8.5.3  In  Appendix  I.  In  summary, 

It  Is  always  good  practice,  when  test  conditions  are  changed,  to 
critically  examine  data  following  the  change  to  Identify  non-steady 
state  crack  growth,  since  these  data  are  dependent  on  the  specific 
test  history  and  do  not  represent  material  or  material-environment 
properties. 

5.3.3  K-Decreaslng  Test  Procedures 

As  discussed  previously  the  K-decreasing  technique  represents 
an  optimum  method  for  determining  very  slow  rates  of  crack  growth. 
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Specific  procedures  for  the  K-decreaslng  testing  era  given  in  Section 

8.6,  Appendix  I.  The  magnitude  and  rate  et  vhieh  the  etreee  intensity 

factor  la  shed  as  the  crack  extends  must  be  ealacted  vlth  caution  elnce 

various  forms  of  crack  growth  transients  auty  result  in  anoneloue  date. 

Stepping  from  a hlgh-to-low  constant  amplitude  load  block  must  eventually 

result  In  a decrease  in  the  crack  growth  rate  from  the  steady-state 

value  of  da/dN  associated  with  the  high  load  block  to  the  steady-state 

value  associated  with  the  low  load  block.  Three  general  types  of  crack 

growth  transition  phenomena  might  be  envisioned  as  shown  in  Fig.  5-6. 

These  are:  (1)  Instantaneous  transition  with  no  interaction  between 

load  blocks,  (2)  crack  growth  retardation  attributed  to  overload-delay 

phenomena,  and  (3)  transition  of  crack  growth  rate  from  the  respective 

steady-state  values  of  hlgh-to-low  block  cycles.  The  first  type 

transition  represents  the  Idealized  situation,  while  the  latter  two 

types  which  Involve  transient  behavior  may  be  somewhat  more  realistic. 

Both  types  2 and  3 transient  phenomena  were  observed  in  this  investigation. 

The  standard  K-decreaslng  test  procedure  has  been  developed  to  assure 

that  transient  crack  growth  takes  place  over  an  Interval  of  crack 

extension  which  Is  negligible  compared  to  the  total  crack  growth 

Increment,  Aa,  over  which  a valid  da/dN  measurement  is  made, that  is, 

such  that  the  above  case  1 represents  a good  approximation.  The 

principal  requirements  to  adequately  approximate  case  1 during  the  K- 

decreaslng  test  procedure  are:(l}  a 10  percent  maximum  limit  on  the 

magnitude  of  the  load  shed,  (2)  a minimum  required  increment  of  crack 

growth  per  data  point,  and  (3)  a bound  on  the  normalized  rete  of  load 

shed,  that  Is  (1/K  ) ' (dK  /da).  Justification  for  these  requirements 

max  max 

Is  based  on  equivalency  of  results  from  K-lncreasing  and  K-decreasing 
test, Figs.  5-1  to  5-3.  These  requirements  and  supporting  data  are 
further  discussed  In  the  following  paragraphs. 

It  has  been  shown  in  overload-retardation  studies^^that  the 
affected  region  over  which  retardation  occurs  is  related  to  relative 
difference  In  the  monotonlc  plastic  zone  sizes  of  the  overload  and 
baseline  cycles Restricting  the  magnitude  of  the  load  shed 
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to  10  percent f limits  the  change  in  the  plastic  zone  size  to  approximately 

2 

(0.01/2Tt)(K  /Ove)  • Data  of  Fig.  5-5  indicates  no  detectable  overload- 
max  IS 

retardation  effect  on  the  apparent  threshold  stress  intensity  factor 
when  the  magnitude  of  the  overload  is  within  10  percent  of  the  maximum 
load  during  the  baseline  cycles.  It  follows^  therefore,  that  it  is 
desirable  during  testing  to  maintain  the  nominal  K-gradlent  such  that 
the  fractional  change  in  the  monotonlc  plastic  zone  size  remains  constant 
as  the  crack  grows.  It  has  been  demonstrated  mathematically  ' that 
this  condition  is  approximated  by  the  expression; 

^max  ” (5-1) 

where  Kmax^  initial  stress  intensity  corresponding  to  the  Initial 

crack  length,  a^;  "a"  is  the  Instantaneous  crack  length,  and  C is  a 
constant  with  dimensions  of  1/length.  For  a constant  R-value  test  the 
stress  intensity  factors  AK  follow  the  same  relationship;  namely, 

(5-2) 

4K  - 4K  aapICCa-a^j))  (5-3) 

From  the  above,  a normalized  K gradient  for  the  K-decreasing  test  at 
constant  R-value  may  be  written  as: 

(1/4K)  ■ (d4K/d.)  - (1/K^)  • (dK_^/da)  - • (dK^i„/da)  - C 

(5-4) 

Section  8.6.2  of  Appendix  I recommends  that  the  normalized 
K-gradlent  for  the  K-decreaslng  test  denoted  as  C - (1/K)  • (dK/da) , 
be  controlled  within  perscrlbcd  limits.  For  a stepped  load  shed  test 
this  may  be  accomplished  beforehand  by  specifying  a targeted  nominal 
stress  intensity  factor  vs.  crack  length,  relationship  (K  vs.  "a") 
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according  to  Eqs.  (5-1)  to  (5-3).  Load  steps  are  then  selected  to 
follow  the  nominal  relationship  according  to  requirements  of  the  method, 
e.g.,  Fig.  7,  Appendix  1.  The  optimum  value  of  C must  be  chosen  with 
consideration  given  to  alloy  type,  load  ratio,  and  environment.  Usable 
values  of  C should  be  established  by  demonstrating  agreement  between 
K-decreaslng  and  valid  K- Increasing  test  results.  The  experience  of  this 
investigation  and  that  reported  by  Saxena,  et  al.  ^ has  shown  that 
C values  of  greater  than  -2.0  In.  ^ (-0.08  mm  are  acceptable  at 
positive  R-values  for  a variety  of  alloys.  A comparison  of  valid  K- 
Increaslng  da/dN  measurements  and  K-decreaslng  da/dN  results  established 
at  various  values  of  C are  shown  for  the  2219  aluminum  alloy  and  the  lONi 
steel  of  this  study  in  Figs.  5-7  and  5-8,  respectively.  The  C values 
shown  In  these  figures  comprise  data  established  from  a large  number  of 
individual  load  sheds  which  encompass  a wide  range  of  growth,  rates 
(Figs.  5-7A  and  5-8A)  as  well  as  a range  of  R-values  (Figs.  5-7B  and  5-8B) . 
Equivalency  of  K-increasing  and  K-decreasing  data  are  shown  for  C value 
greater  than  -3.8  in.  ^ (-0.15  mm  ^)  and  -2.4  in.  ^ (-0.09,5  ram  for 

the  aluminum  and  stee),  respectively.  As  indicated  by  the  data 
contained  in  these  figures,  the  recommended  limit  on  the  normalized 
K gradient,  namely  C > -2  in.  ^ (C  > 0.080  mm  ^) , may  be  conservative 
in  certain  cases.  For  example,  considerable  K-decreaslng  data  established 
using  C-values  significantly  less  than  -2.0  in,  ^ (-0.0080  mm  ^)  are 
shown  to  compare  favorably  with  valid  K-increasing  data  — this  is 
particularly  true  for  high  positive  R values  as  shown  in  Figs.  5-7B  and 
5-8B.  The  recommended  band  on  C which  is  specified  in  Appendix  I can 
probably  be  modified  to  further  optimize  testing,  however,  any  modlflca- 
tioii  must  await  further  testing  experience  on  additional  materials, 
environments  and  loading  variables.  Thus,  Appendix  I suggests  that,  when 
the  bounds  on  C are  not  met,  the  crack  growth  rate  data  be  validated  by 
demonstrating  equivalence  between  K-decreaslng  and  K-lncreaslng  data. 

For  the  materials  examined  in  this  study,  tests  employing 
large  decreasing  K-gradlencs  (that  Is,  small  C values)  resulted  In 
growth  rates  which  were  faster  than  the  steady-state  rates  obtained  in 
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K-lncreaslngi  constant-’load-amplltude  tents.  This  behavior  Is  Indicative 
of  the  type  3 transient  Illustrated  In  Fig.  5-6  and  Is  surprisingly 
opposite  to  what  one  would  expect  from  overload-retardation  consideration. 
These  results  are  shown  In  Figs.  5-9  to  5-11  which  contain  data  from 
three  programmed  load  shed  tests  conducted  at  R 0.1  on  2219  aluminum. 

The  accelerated  growth  rates  ior  large  decreasing  K-gradlents  (C  < -2  In.  ) 
occurred  predominantly  at  the  lower  positive  R values.  Similar,  though 
less  extensive,  observations  were  made  with  the  lONl  steel,  also  at  R ■ 

0.1.  Maintaining  the  nominal  value  of  C within  the  limits  recommended 
In  Appendix  I appears  to  be  an  effective  means  of  eliminating  this 
anomalous  behavior. 

The  mechanism  for  the  anomalous  acceleration  of  very  low  crack 
growth  rates  caused  by  a large  decreasing  K-gradlent  Is  not  well  under- 
stood. This  phenomenon  may  be  related  to  time-dependent  corrosion 
processes.  Crack  arrest  In  aluminum  alloys  exposed  to  an  aqueous 

environment  and  low  AK  values  has  been  linked  to  gradual  buildup  of 

(68) 

corrosion  product  on  the  crack  surface  . Experimental  evidence 
Indicated  that  In  the  presence  of  an  aggressive  environment  the  time- 
dependent  buildup  causes  the  crack  to  reach  a closed  position  at  increasingly 
higher  loads,  thereby  decreasing  the  effective  AK  at  the  crack~tlp  as 
well  as  the  crack  growth  rate.  Alternatively,  In  Inert  environments, 
growth  rates  as  much  as  an  order  of  magnitude  faster  were  observed 
at  comparable  stress  Intensity  factor  values  In  some  materials. 

Analagous  to  the  crack  closure  caused  by  residual  crack-tip  deformations, 
this  mechanism  would  be  more  promlnant  at  low  positive  R-values,  where 
contact  forces  of  the  corrosion  products  would  be  more  significant  than 
at  high  R-values  where  the  crack  remains  open  during  most  or  all  of  the 
loading  cycle.  In  this  Investigation  all  low  crack  growth  rate  tests 
were  conducted  In  ambient  laboratory  air.  Evidence  of  environmental 
moisture  Interaction  with  both  alloys  was  noted  by  markings  on  specimen 
fracture  surfaces.  It  was  not  determined  from  these  observations  when 
these  markings  occurred  In  the  history  of  the  experiment.  It  is 
postulated  that  since  a rapid  K reduction  proatotes  crack  advance  at 
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rat«t  which  lasscn  the  tine,  and  therefore  the  buildup  of  corrosion 
products  to  equilibrium  levels,  that  would  be  approached  under  more 
gradual  rates  of  K decreaae.  Hence,  non-equlllbrlun  conditions  of 
environment  Interaction  may  exist.  Moreover  the  observation  that  the 
acceleration  effect  was  confined  to  R - 0.1  but  was  unnoticed  at 
higher  R-values  supports  this  argument.  Additional  work  Is  required  to 
better  understand  this  phenomenon. 


5.4  Frequency  Independence  of  da/dN  at  High  Frequencies 

Figure  5-12  contains  fatigue  crack  growth  rate  data  on 

2219-T851  aluminum  for  test  frequencies  ranging  from  10  Hz  to  150  Hz 

and  load  ratios  from  0.1  to  0.8.  These  data  demonstrate  that  low 

growth  rates  In  this  material  are  Independent  of  test  frequency  for 

these  relatively  high  frequencies.  Similar  results  were  observed  for 

the  lONl  steel.  These  results  enable  low  growth  rate  data  to  be 

generated  using  an  optimum  test  frequency,  thereby  minimizing  the 

required  test  times.  This  frequency  independence  would  be  expected 

to  apply  until  environmental  effects  occurred  at  lower  frequencies 

or  temperature  effects  due  to  adiabatic  crack-tip  heating  occurred 

(35) 

at  higher  frequencies.  Frequencies  of  an  order  of  magnitude  greater 

than  the  highest  frequencies  In  Fig.  5-12  would  be  required  to  cause 
significant  crack-tip  heating  in  metals. 


The  frequency  Independence  of  the  growth  rates  In  Fig.  5-12 
Implies  that  environmental  effects  due  to  the  moisture  in  laboratory  air 
are  absent.  These  results  are  consistent  with  low  growth  rate  data 
and  threshold  determinations  for  other  material-environment  systems, 
for  example  see  Ref.  (52).  Environmental  effects  are  likely  to 
Influence  low  growth  rates  and  at  low  cyclic  frequencies, 

although  this  fact  has  not  been  demonstrated  due  to  the  prohlbatively 
long  test  times  which  are  required.  Fortunately,  most  applications 
where  low  growth  rate  and  Information  Is  important  also  experience 

relatively  high  cyclic  frequencies. 
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Effect  of  frequency  on  fatigue  crack  growth  rates  of  22I9-T851  plate 


5 . 5 OpTatlonal  Definition  of  the  Fitlgue  Crack  Growth  Thr«shold 

Vary  slov  racaa  of  fatigue  crack  growth  decrease  rapidly 
with  amall  reductions  In  AK.  A value  of  AK  above  which  fatigue  crack 
growth  has  been  observed,  but  below  which  crack  gro%rth  has  not  been 
observed  has  been  termed  a fatigue  crack  growth  threshold,  Values 

of  da/dN  generally  associated  with  a fatigue  crack  growth  threshold 
correspond  to  an  Increment  of  crack  growth  (averaged  along  the  total 
crack  front)  which  Is  less  than  one  atomic  spacing  per  cycle.  Thus 
crack  growth  at  these  levels  occurs  discontlnuously  along  the  flaw 
periphery  and  makes  the  task  of  defining  a "true"  crack  arrest  threshold 
difficult.  The  measurement  of  the  threshold  la  a function  of  sensitivity 
of  the  measurement  technique,  length  of  observation  time,  and  test  procedure. 
Furthermore,  the  definition  of  AK^.^^  may  have  a different  connotation 
for  different  alloy -environment  systems  and  for  different  design 
situations.  In  certain  cases  the  concept  of  a "true"  arrest  threshold 
has  been  provisionally  accepted  until  better  methods  to  quantify  low 
da/dN  fatigue  crack  growth  resistance  are  available,  for  example,  see 
Ref.  (52).  For  some  alloys,  such  as  2219-T851  aluminum  and  lONi  steel, 
a continuous  finite  rate  of  da/dN  decrease  with  decreasing  AK  Is  noted 
down  to  very  low  crack  growth  rates  on  the  order  of  10  m/ cycle,  as 
shown  in  Figs.  5-1  to  5-3.  In  this  case  a practical  definition  of  AK^j^ 
corresponding  to  some  arbitrary,  but  low,  crack  growth  rate  provides  a 
practical  means  of  characterizing  a material's  resistance  to  low  rate 
fatigue  crack  growth.  Caution  should  be  exercised  not  to  arbitrarily 
utilize  the  latter  operational  definition  of  the  threshold  for  design 
purposes.  Section  9. A,  Appendix  I , presents  a procedure  for  describing 
an  operational  fatigue  crack  growth  threshold  as  that  AK  corresponding 
I to  a fatigue  crack  growth  rate  of  10  m/ cycle.  The  proceudre  gives 

specific  requirements  on  the  range  of  crack  growth  data  and  analysis 
procedure  to  be  used  to  determine  the  AK  value  corresponding  to  a 
i da/dN  value  of  10  m/cycle. 

I 

I 
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6.  DATA  ANALYSIS  PROCEDURES 


Two  separate  computational  procedures  are  necessary  to  analyze 
fatigue  crack  growth  data  so  that  results  can  be  expressed  in  a useful, 
geometry-independent  form.  One  of  these  procedures  Is  the  computation 
of  the  range  of  stress  intensity  factor,  AK,  from  discrete  crack  length 
measurements  and  loading  iables  for  the  specific  test  specimen  geometry 
employed;  the  other  involves  computing  the  fatigue  crack  growth  rate 
from  discrete  measurements  of  crack  length  and  elapsed  fatigue  cycles. 
Typically, both  of  these  operations  are  conducted  on  20  to  40  data  points 
per  test.  Various  aspects  of  these  computations  are  discussed  below, 
particularly  as  they  relate  to  the  proposed  methods  of  Section  9,  Appendix  I. 

6.1  Computation  of  AK 

The  wide-ranged  analytical  K-callbratlons  which  are  provided 
in  the  proposed  test  method  to  calculate  AK  are  valid  for  all  practical 
values  of  crack  length  which  will  be  encountered  in  using  the  test 
method. These  calibrations  thereby  represent  an  Improvement  over 
the  various  expressions  — particularly  for  the  CT  specimens  — which 
were  previously  in  use,  since  they  eliminate  potential  errors  due  to 
extrapolation  of  previous  equations  beyond  their  applicable  ranges. 

An  additional  consideration  related  to  using  the  K-callbratlons 
to  analyze  fatigue  crack  growth  rate  data  Involves  the  definition  of  AK 
for  tests  which  Include  compressive  loading,  that  is,  for  tests  where 
R < 0.  The  issue  which  needs  to  be  resolved  here  is  whether  or  not  to 
Include  the  con^resslve  portion  of  the  loading  cycle  into  the  computation. 
Values  of  AK  which  Include,  as  well  as  exclude,  the  compressive  loading 
can  be  found  in  data  from  the  literature.  The  existence  of  two  different 
computational  procedures  often  leads  to  confusion  — particularly  when 
data  is  extracted  from  its  original  source  for  summary  papers,  data 
handbooks,  or  design  usage. 
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In  order  to  promote  consistency  In  analysing  and  reporting 
data.  Sections  5.2  and  9.3  of  Appendix  I define  AK  using  only  the 
positive  portion  of  the  loading  cycle.  This  recomendatlon  Is 
based  on:  1)  the  theoretical  fact  that  the  stress  Intensity  factor  Is 
undefined  for  compressive  loading  and  2)  the  common  physical  conception 
that  the  stress  Intensity  factor  Is  equal  to  zero  when  the  crack  faces 
are  closed.  The  definition  of  AK  In  Section  5.2  of  Appendix  I can  be 
viewed  as  an  operational  definition,  since  It  makes  no  attempt  to  account 
for  local  crack-tip  phenomena  such  as  blunting,  residual  stress  or 
crack  closure  at  positive  R values.  Furthermore,  It  Is  Important  to 
realize  that  this  operational  definition  of  AK  In  no  way  Influences 
the  effect  of  compressive  loading  on  fatigue  crack  growth  behavior 
since  the  materials'  Intrinsic  response  to  compressive  loading  will  be 
Incorporated  In  the  measured  crack  growth  rate. 

6.2.  Computation  of  da/dN 

During  the  course  of  developing  the  test  method  numerous  requests 
were  made  by  ASTM  members  and  others  to  recommend  techniques  for  determining 
da/dN  from  "a"  versus  N,and  also,  to  provide  details  of  these  techniques  in 
the  test  method.  Two  recommended  techniques  are  contained  In  Appendix  A 
of  the  proposed  test  method.  A summary  and  discussion  of  various  processing 
techniques  are  given  below;  considerations  which  led  to  recommending  the 
techniques  provided  In  the  test  method  are  also  given. 

6.2.1  Summary  and  Evaluation  of  Data  Processing  Techniques 

The  general  problem  encountered  In  processing  data  from  any 
crack  growth  test  Is  that  of  determining  the  derivative  of  a function, 
a f(N)  which  Is  not  completely  defined,  but  Is  only  approximated  at 
certain  discrete  points  which  correspond  to  periodic  measurements  of 
crack  length  and  elapsed  cycles  (a^,  N^) . Since  crack  length  measurement 
Is  a stochastic  process,  successive  measurements  of  a^  on  different 
specimens  of  the  same  geometry,  each  subjected  to  the  same  loading 
history,  will  vary  at  any  given  N^.  This  variability  can  arise  from 
two  sources  — measurement  error  and  Intrlnlslc  differences  In  the 
fatigue  crack  growth  resistance  of  the  test  pieces.  Measurement  errors 
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have  several  different,  but  often  related,  sources:  1)  human  factors  — 
particularly  In  visual  measurements  where  human  perception  plays  a role 
In  determining  the  crack-tip  location  which  Is  often  masked  by 
localized  plastic  deformation,  2)  technique  factors  — for  example, 
microscope  magnification,  specimen  surface  finish,  and  lighting  source 
in  visual  measurements;  selection  of  a proper  applied  current  in 
potential  drop  measurements;  Instrument  characteristics  and  calibration 
equations  In  a variety  of  other  automated  measurements,  3)  material 
factors  — these  can  arise  from  differences  in  crack-tip  deformations 
for  different  materials,  or  for  the  same  material  at  different  strength 
levels.  Often  the  above  sources  of  variability  overshadow  those  due  to 
Intrinsic  differences  In  fatigue  crack  growth  rate  of  a given  material. 

A variety  of  different  views  exist  on  what  constitutes  the 
"best"  technique  for  processing  fatigue  crack  growth  data.  One  view 
Is  that  the  variability  in  a^  should  be  preserved  so  as  to  Illustrate 
the  variability  In  da/dN^.  From  this  view  one  concludes  that  the  secant 
or  point-to-point,  technique  Is  Ideal.  This  technique  Involves  simply 
calculating  the  slope  of  a straight  line  which  connects  two  adjacent 
data  points,  that  is 


da/dN 


1+1 


N 


1+1 


It  Is  Important,  however,  to  recognize  that  although  this  technique 
preserves  the  variability  in  a^,  this  variability  is  dominated  by 
errors  In  measuring  a^  and  thus  provides  little  information  on  the 
Inherent  material  variability  of  da/dN.  The  latter  can  only  be 
determined  by  extensive  replicate  testing.  Nevertheless,  the  secant 
technique  is  expedient  for  a number  of  reasons.  First,  it  Is  a 
straightforward  and  easily  applied  technique.  Secondly,  and  perhaps 
most  Importantly,  It  is  uniquely  suited  to  analyze  K-decreasing  data 
which  are  established  using  load  shedding  and  results  in  only  a few 
data  points  at  each  load  level.  For  these  reasons,  the  secant  method 
Is  provided  as  a recommended  processing  technique  In  the  proposed  test 
me  thod . 
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Another  view  of  what  constitutes  the  "best"  data  processing 
technique  recognizes  the  measurement  error  In  a^  and  seeks  to  minimize 
Its  influence  on  da/dN^.  A variety  of  methods,  most  of  which  Involve 
least  squares  fitting,  have  been  employed  to  accomplish  this  goal. 

These  methods  can  be  separated  Into  those  that  fit  the  entire  "a"  versus 
N curve,  and  chose  that  fit  the  "a"  versus  N curve  locally  in  Increments. 

In  addition,  graphical  techniques  have  been  used  which  contain  Ingredients 
of  each  of  the  above  two  approaches. 

The  graphical  technique  usually  consists  of  visually  fitting 
a smooth  curve  through  plotted  (a^,  N^)  data  and  then  estimating  da/dN^ 
by  measuring  Che  slope  of  a straight  line  drawn  tangent  to  the  fitted 
curve.  Although  this  technique  can  produce  results  which  are  comparable 
to  those  obtained  using  other  techniques.  Its  success  depends  on  the  skill 
of  the  user.  Based  on  this  fact,  and  the  relative  Inefficiency  of  the 
methods,  graphical  techniques  could  not  be  recommended  In  a general  test 
method. 

Methods  for  fitting  the  entire  "a"  versus  M curve  have  employed 
polynomials  orthogonal  polynomials  logarlthmetlc  functions 

spline  functions and  combinations  of  the  above. 

Simple  polynomials  of  the  form 

k g 
a - E 
j-0  J 

having  k+1  terms  and  kth  order  have  been  used  to  process  data.  Polynomials 
of  6th  and  7th  order  are  often  required  to  adequately  fit  typical  "a" 
versus  N curves.  Davies  and  Fedderson^^^^  have  demonstrated  t;hat, 
although  these  functions  provide  a reasonable  fit  to  the  data,  their 
derivatives  can  give  erroneous  results  due  to  the  k-1  Inflections  In  a 
kth  order  function.  These  inflections  can  lead  to  Improper  Interpretations 
of  the  fatigue  crack  growth  behavior. 
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(78) 

More  complex  polynomials  have  been  utilized^  ^ to  avoid  the 
above  problem  and  can  be  represented  by  the  following  general  form 


I 

a - I Y .h,  (N) 
j-0  J 


where  (^)  power  functions  whose  exponents  can  be  as  large  as  240. 
For  each  (a^N^)  data  set,  a large  number  of  potential  power  functions 
are  examined  and  a small  subset  Is  selected  using  the  methods  of  linear 
programming.  The  coefficients , y ^ then  determined  using  the  least 


The  optimum  fitting  functions  , h^ (N) , can  be 


squares  technique, 
selected  so  that  the  composite  function  Is  monotonic,  thus 
eliminating  one  of  the  major  problems  encountered  with  simple  polynomials, 
However,  experience  with  this  technique  has  shown  that,  in  spite  of 
the  high  order  terms  that  cau  be  used,  inadequate  fits  can  occur  near 
thu  upper  end  of  some  "a"  versus  N curves.  This  is  particularly  true 
for  data  generated  using  CT  specimens  under  constant  amplitude  loading, 
since  growth  rates  can  Increase  rapidly  due  to  the  relatively  large 
positive  K-gradient  in  this  specimen  for  deep  cracks. 


The  problem  of  achieving  a good  overall  fit  is  one  that  is  always 
present  for  those  data  processing  techniques  which  attempt  to  represent 
the  entire  "a"  versus  N curve.  This  problem  stems  from  the  basic 
nature  of  most  crack  growth  curves  — they  contain  a very  flat  initial 
portion  and  a very  steep  final  portion.  Furthermore,  the  specific 
shape  of  the  "a"  versus  N curve  depends  on  the  particular  specimen  geometry 
used  to  generate  these  data.  Thus,  the  general  utility  of  processing 
techniques  which  are  based  on  an  overall  fit  of  the  crack  growth  curve 
cannot  be  demonstrated  using  a limited  number  of  data  from  one  specific 
test  specimen  geometry. 


Techniques  which  attempt  to  represent  the  entire  crack  growth 

curve  also  add  unnecessary  complexities  to  the  task  of  data  processing. 

(73) 

For  example,  the  case  of  orthagonal  pulynomlalc  and  spline 
functions^^^’^^^  require  decisions  on  certain  input  parameters  — no 
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completely  general  criteria  are  available  for  making  theae  decisions,  thus 
subjectivity  Is  Introduced  Into  the  method.  Furthermore,  the  spline 
functions  exhibit  the  same  problem  related  to  Inflection  points  which  were 
previously  discussed  for  simple  polynomials.  In  addition,  the  orthogonal 
polynomial  method  requires  that  crack  length  measurements  be  equally 
spaced.  In  practice  this  does  not  always  occur  — in  fact,  varying 
crack  length  measurement  Intervals  are  recommended  and  are  dependent  on 
tht  specimen  K-gradient  as  specified  in  Section  8.7.2  in  Appendix  I. 

The  difficulties  associated  with  attempting  to  fit  the  entire 
"ii  versus  N curve  have  motivated  the  use  of  Incremental  techniques  to 
process  fatigue  crack  growth  rate  data.  These  techniques  are  based  on 
the  fact  that  all  that  Is  required  to  process  the  data  is  a local 
assessment  c'f  the  slope  of  the  "a"  versus  N curve  and  not  a complete 
description  of  the  functional  dependence  of  "a"  on  N.  In  addition  to  their 
simplicity,  incremental  techniques  have  the  advantage  of  Identifying 
local  perturbations  in  the  growth  rate  which  may  be  associated  with  material 
inhomogenities  or  test  problems. 

Incremental  techniques  consist  of  fitting  a low  order  polynomial 
— typically  a parabola  — to  successive  subsets  of  the  total  data  set. 

These  subsets  generally  contain  an  odd  number  of  data  points  and  da/dN 
is  estimated  from  the  derivative  of  the  fitted  curve  at  the  central  point. 
The  local  fit  can  b3  obtained  using  finite  difference  procedures  or  the 
least  squaren  procedure.  However,  the  least  squares  procedure  is 
preferred  since  finite  difference  procedures  can  exhibit  numerical 
difficulties  for  unevenly  spaced  data  points,  thereby  resulting  larger 
aberatlons  in  the  growth  rate.^^^ 


The  incremental  polynomial  technique  provided  In  Appendix  A 
of  the  proposed  test  method  utilizes  the  least-squares  procedure  to  fit 
a parabola  to  successive  subsets  of  three-to-nine  data  points.  This 
technique  is  illustrated  in  Fig.  6-1  for  the  case  of  a seven-point 
subset;  comparisons  are  also  shown  with  the  previously  discussed  secant 
and  graphical  techniques.  Although  the  Incremental  polynomial  technique 
does  smooth  the  data,  the  smoothing  is  localized  and  thus  does  not 
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ellminace  dl8contlnulti««  In  the  crack  growth  curve  which  may  provide 
Important  informatloc.  This  feature  of  the  technique  la  demonstrated 
by  the  data  In  Fig.  6^2.  These  data  were  generated  using  l^lnch 
thick  CT  specimens  of  lOAb  steel  which  contained  vold-llke,  artificial 
defects.  The  locations  of  the  defects  In  the  specimen  and  dong  the 
AK  axis  are  as  Indicated.  When  the  data  were  analyzed  using  the 
seven  point,  incremental  polynomial  technique,  the  local  perturbations 
In  the  growth  rates,  caused  by  the  defects,  were  readily  detectlble 
In  spite  of  the  fact  that  they  were  barely  dlscernable  in  the  "a" 
versus  N curve.  (The  solid  line  represents  measured  growth  rates 
for  defect-free  material). 

The  main  disadvantage  of  the  Incremental  techniques , as  they 
are  often  employed,  Is  that  they  do  not  provide  growth  rates  for  the 
first  and  last  (m> l)/2  data  points  in  the  total  data  set  (where  m Is  the 
number  of  data  points  in  the  Incremental  subset).  However,  this 
disadvantage  Is  overridden  by  the  advantages  of  Incremental  techniques 
relative  to  other  fitting  techniques  — particularly  their  simplicity, 
reproduclablllty , and  accurate  representation  of  local  perturbations. 

Moreover,  Incremental  techniques,  such  as  the  incremental  polynomial 
method,  could  easily  be  modified  to  supply  the  first  and  last  (m-l)/2  rates 
from  derivatives  of  the  first  and  last  fitted  parabolas,  since  these  functions 
accurately  represent  the  crack  growth  curve  in  their  respective  regions. 

6.2.2  Contributions  of  Crack  Length  Measurement  Accuracy  and 

Measurement  Interval  to  Variability  in  da/dN 

An  analysis  has  been  conducted  to  examine  the  Influence  of 
Interactions  between  crack  leiigth  measurement  accuracy  and  measurement 
Interval  on  the  accuracy  and  variability  of  fatigue  crack  growth  rates 
determined  using  the  recommended  secant  and  Incremental  polynomial 
(Inpoly)  techniques. 

When  attempting  to  evaluate  variables  which  Influence  data 
processing  using  empirical  (a^,  data  the  following  question  arises  — 
how  do  the  processed  (da/dN,  AK)  results  compare  to  the  "true*'  (da/dN,  AK) 
results?  In  order  to  overcome  this  difficulty,  synthetic  (a,  N)  data 
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da/dN,  in./cycle 


were  generated  from  arbitrarily  defined  "true"  (da/dN,  dK)  results 
as  follows: 

1)  The  "true"  (da/dN,  AK)  results  were  defined  by  the  following 
relationship  which  Is  typical  of  Region  II  growth  rates  In  steels 

da/dN  - 4.0  x lO"®  (AK)^'^^  (6-1) 

where  da/dN  fatigue  crack  growth  rate  In  In. /cycle. 

AK  « stress  Intensity  factor  range  In  ksi^In. 

2)  The  above  relationship  was  Integrated,  for  the  case  of  a CT  specimen 
(B  1 In.,  W ••  2 in.)  over  the  a/W  range  from  0.3  to  0.8  and  the 

AK  range  from  20  ksl/lii.  to  100  kslv^. , to  establish  an  Idealized 
"a"  versus  N curve. 

3)  Various  synthetic  "a"  versus  N curves  were  subsequently  formulated 
from  the  Idealized  curve  by  selecting  different  crack  length  Intervals, 
Aa,  and  applying  various  measurement  errors,  e. 

4)  These  synthetic  crack  growth  were  then  processed  and  the  resulting 
(da/dN,  AK)  data  was  compared  with  the  true  (da/dN,  AK)  data. 

After  processing  the  synthetic  data  using  both  the  secant 
and  Incremental  polynomial  techniques,  the  crack  growth  rate  results 
were  characterized  by  performing  a least  squares  fit  to  the  following 
general  expression 

da/dN  - C Ak"  (6-2) 

o 

A comparison  the  fitting  parameters,  and  n,  with  the  "true"  values 
of  Eq.  (6-1)  was  used  to  assess  the  influence  of  c and  Aa  on  the 

accuracy  of  the  data  processing  technique. 

The  variability  or  scatter  in  da/dN  data  Introduced  by  the 
processing  techniques  was  characterized  in  terms  of  a variability  factor 
VF,  define  as 


VF  - exp(4R)  (6-3) 

where  R Is  the  residual  standard  deviation  defined  as 
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1/2 


R • 


Z(£n  d«/dNj^  - tn  da/dN^^)' 


Z - 2 


(6-4) 


da/dN^  " processed  crack  growth  rate  at 
da/dN^  ■>  rate  given  by  least  squares  fit  at 
Z number  of  (da/dN^,  ^^1^  points 

Thus,  VF,  the  variability  factor,  is  merely 

(da/dM^  + 2 std.  dev.)  t (da/dN^  - 2 std.  dev.). 

* 

A slightly  modified  form  of  the  variability  factor,  termed  VF  , 

was  used  as  a combined  index  of  accuracy  and  variability  of  the  processed 

a 

data.  The  computational  form  of  VF  is  similar  to  that  for  VF,  except 

that  the  true  crack  growth  rate  at  is  used  in  place  of  da/dN^.  Note 

that  when  the  C and  n values  obtained  by  fitting  the  processed  data 
° * 

are  equal  to  those  in  £q.  (6-1),  VF  is  Identical  to  VF.  However, 
when  and  n differ  from  those  in  Eq.  (6-1),  VF  Is  greater  than  VF. 

A summary  of  results  from  this  analysis  is  provided  in  Table  6-1 

for  both  the  secant  and  Inpoly  data  processing  techniques  and  a variety 

of  Aa  and  c values.  Results  are  given  for  zero  error,  uniform  error,  and 

random  error.  The  uniform  error  consists  of  alternate  values  of  H-e 

and  -e  applied  to  successive  points  on  the  idealized  crack  growth  curve. 

The  random  error  was  generated  from  a normal  distribution  of  zero  mean 

and  standard  deviation,  S — the  tabulated  values  of  c are  equal  to  S 

(79) 

and  were  also  applied  to  the  idealized  crack  growth  curve. 

In  cases  1 thru  4 no  measurement  error  was  applied  and  only  Aa 
was  varied.  For  these  cases  the  variability  associated  with  each  processing 
technique,  as  characterized  by  VF,  is  nearly  equal  to  one,  thus 

indicating  that  the  steps  in  generating  the  synthetic  data  ha:ve  little 

* 

contribution  to  VF.  For  the  Inpoly  technique,  VF  Increases  with 
Increasing  Aa  and  reflects  the  deviation  between  the  regression  and 
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INFLUENCE  OF  CRACK  LENGTH  MEASUREMENT  INTERVAL  (Aa)  AND  MEA 
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"tru«"  valuM  of  Iq.  (6'*1) . The  algnlflconc*  of  thla  data  proceaalng 
blaa  will  bt  oxaalnad  labor. 

Aa  oxpoctod  tho  analyaia  tialng  tha  uniform  errors  Indicate 
that  tha  data  procoaalng  tachnlquaa  are  reaponalbla  for  higher 
variability  (VF)  and  Inaccuraclea  (VF  ) than  do  the  analyaea  using 
random  arrora.  However » both  analyaea  Illustrate  the  same  points. 

A 

Note  that  both  VF  and  VF  Increaae  algnlflcantly  as  Aa/c  is 
decreased ( especially  for  tha  secant  technique.  Theae  results  provide 
tha  baala  for  tha  specifications  of  Section  8.7.2  of  Appendix  I that 
require  da  to  be  at  least  ten  times  larger  than  c.  This  provision  is 
designed  to  maintain  the  variability  Introduced  to  da/dN,  by  the 
combination  of  maasuramont  error  and  data  processing » at  a reasonable 
level. 

a 

The  Increase  in  VF  with  decreasing  da/e  Indicates  that 
Inaccuraclea,  in  terms  of  deviations  between  the  processed  and 
"true"  (da/dN,  dK)  results,  are  occurring.  A comparison  of  VF  and  VF 
for  a given  da/c  shows  that  this  processing  bias  is  more  significant 
for  the  Znpoly  technique.  In  order  to  assess  the  practical  significance 
of  this  bias,  the  difference  between  processed  and  true  (da/dN,  dK) 
results  were  converted  to  differences  in  cyclic  life.  Processed  results, 
defined  by  and  n,  were  integrated  for  the  case  of  a CT  specimen 
(B  ■ 0.25,  W <■  2)  over  an  a/W  range  of  0.3  to  0.8  and  a dK  range  of 
20  kslv'Tn.  to  100  kal*^.  These  results  are  shown  In  Table  6-2  for 
several  cases,  defined  In  Table  6-1,  which  are  most  typical  of  fatigue 
crack  growth  rate  testing.  The  total  number  of  cycles  required  to 
propagate  the  crack  from  a/W  of  0.3  to  0.8  in  the  test  specimen  are  shown 
normalised  with  respect  to  the  results  from  the  Ideal  crack  growth 
curves  ” 95,556  cycles).  Aa  Indicated,  the  data  processing 

bias  Influences  the  specimens'  cyclic  life  by  less  than  5 percent  — 
this  Influence  le  small  compared  to  the  variation  In  cyclic  life  observed 
when  replicate  speclmene  are  tested. Thus,  although  the  bias 
from  the  secant  and  Inpoly  data  processing  techniques  may  be  statistically 
significant.  It  la  of  no  practical  significance  In  fatigue  crack  growth 
rate  testing. 
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TABLE  6-2 


i 

INFLUENCE  OF  DATA  PROCESSING  BIAS  ON  CYCLIC  LIFE 


Case 

4a/e 

Processing  Technique 

N/Ntj  , 
Ideal 

12 

5 

Secant 

1.049 

InPoly 

1.001 

13 

10 

Secant 

1.010 

InPoly 

0.990 

16 

10 

Secant 

1.008 

InPoly 

0.956 

17 

20 

Secant 

0.995 

InPoly 

0.956 

N_.  . ■ cycles  to  grow  a crack  from  a/W  ••  0.3  to  0.8 

in  a CT  specimen  (B  ■ 1/4  In.,  W • 2.0  In.) 
with  4P  - 1.2  kips  and  fatigue  crack  growth 
rates  defined  by  da/dN  • 4.0  x 10“5*  (AK)2.25 
(units  of  in. /cycle  and  ksl*'Tn. ) 


t 

J 

I 

( 

1 


i 
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7.  EVALUATION  OF  DATA  PRESENTATION  METHODS 

Thla  phaaa  of  the  program  deals  with  the  development  and 
evaluation  of  methods  for  presentation  of  fatigue  crack  growth  rate  data. 
The  underlying  considerations  In  examining  theoe  methods  were:  (1)  they 
should  be  convenient  for  use  In  material  selection  and  design,  and  (11) 
they  should  provide  for  an  unambiguous  Interpretation  of  the  data  by 
those  not  completely  familiar  with  detailed  test  procedures  or  data 
analysis  techniques. 

Three  primary  methods  of  data  presentation  were  considered: 

(1)  graphical  presentation  — data  are  plotted  in  parametric  form 
using  suitable  coordinate  axes,  (2)  tabular  presentation  — data  are 
tablulated  along  with  testing  variables,  (3)  mathematical  presentation 
— data  are  represented  by  an  equation  which  describes  either  the  average 
behavior  or  some  statistical  bound  on  the  average  behavior.  Appendix  1, 
Section  10.10,  Includes  specific  requirements  on  the  graphical  presentation 
of  data;  tabular  and  mathematical  presentations  are  considered  supple- 
mentary and  are  not  required  as  part  of  the  test  method. 

The  following  sections  contain  detailed  descriptions  of  the 
various  methods  considered,  and  where  possible  provide  comparisons  and 
define  optimum  methods. 

7.1  Graphical  Display 

Graphical  display  of  fatigue  crack  growth  rate  data  represents 
a clear  and  concise  method  of  reporting  data,  particularly  when  comparisons 
are  being  made  between  variables  that  affect  fatigue  crack  growth.  A 
graphical  display  also  has  the  advantage  of  directly  Illustrating  the 
extent  of  variability  In  the  data.  This  feature  is  Important  since 
there  Is  currently  no  universally  accepted  statistical  method  for 
characterizing  variability  in  da/dN. 
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The  graphical  methods  currently  in  use  consist  of  either  log- 
log  or  semi-log  plots  of  da/dN  as  a function  of  AK  or  The  log-log 

plots  have  greater  utility  in  the  sense  that  they  can  be  employed  to 
display  wide-range  data  for  which  AK  or  may  vary  by  more  than  an 

order  of  magnitude.  No  fundamental  arguments  exist  for  the  use  of  AK 
versus  K , thus  both  are  considered  technically  acceptable.  However, 
there  Is  an  advantage  to  reporting  data  in  a consistent  manner  to 
facilitate  data  comparisons  and  use  of  data  in  design  — in  fact  this 
is  one  of  the  goals  of  any  standardization  effort.  In  view  of  the 
above  considerations,  this  goal  can  best  be  achieved  by  a concensus  of 
the  technical  community  engaged  In  generating  and  using  these  data. 

The  graphical  display  method  specified  In  Section  10.10  of  Appendix  1, 
namely  that  data  be  plotted  as  log  AK  versus  log  da/dN,  Is  based  on 
such  a concensus.  This  method  Is  by  far  the  most  frequently  used 
graphical  display  format  according  to  Input  from  the  test  methods 
survey  which  was  conducted  as  part  of  this  program  in  conjunction  with 
ASTM  Subcommittee  E24.04  on  Subcrltical  Crack  Growth.  Furthermore, 

E24’s  Task  Group  on  Fatigue  Crack  Growth  Rate  Testing,  at  a meeting 
in  October  of  1976,  strongly  supported  the  specification  of  a single 
graphical  display  method  In  the  test  method  and  voted  to  Include  the 
log  AK-log  da/dN  format. 

Section  10.10  of  Appendix  1 also  recommends  that  the  Independent 
variable,  AK,  be  plotted  on  the  abscissa,  and  the  dependent  variable, 
da/dN,  be  plotted  on  the  ordinate  — this  practice  is  consistent  with 
the  convention  used  In  most  scientific  and  engineering  fields.  In 
addition,  to  facilitate  data  comparisons  and  assessment  of  variability. 

It  is  suggested  that  the  relative  sizes  of  the  log  cycles  upon  which 
data  are  plotted  be  adjusted  so  that  log  AK  versus  log  da/dN  forms  a line 
inclined  at  approximately  45*  to  the  coordinate  axes.  For  example,  when 
plotting  Region  II  da/dN  values,  this  is  adequately  accomplished  by 
using  AK  log  cycles  which  are  approximately  two  and  four  times  larger 
than  the  da/dN  log  cycles  for  steels  and  aluminums,  respectively.  For 
data  collections  which  focus  on  either  Region  I or  Region  III, 
expanded  AK  log  cycles  are  advisable. 
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7 . 2 Tabular  Presentation 


Reporting  data  In  tabular  form  Is  the  most  thorough,  although 
not  necessarily  the  most  effective,  method  of  data  presentation.  The 
tabulation  of  (a,N)  and  (dK,da/dN)  data,  along  with  pertinent  test 
variables.  Is  primarily  helpful  when  users  of  the  data  wish  to  perform 
supplemental  analyses  such  as  statistical  characterizations  of 
variability.  In  spite  of  this  advantage  .tabular  presentations  of 
fatigue  crack  growth  rate  data  are  Infrequently  used  due  to  several 
cumbersome  features. 

The  extent  of  data  generated  In  a fatigue  crack  growth  rate 
test  — typically  consisting  of  from  20  to  40  data  points  for  primary 
(a,N)  data  and  processed  (AK,  da/dN)  data  — can  easily  exceed  the 
space  restrictions  of  many  publications,  particularly  those  of 
scientific  and  technical  Journals.  Furthermore,  even  if  reports  and 
publications  could  accommodate  this  additional  space  requirement,  the 
overall  benefit  would  be  marginal  since  most  readers  are  satlslfed  by 
a graphical  display  of  (AK, da/dN)  data  and  are  not  Interested  in  performing 
additional  detailed  analyses  or  manipulations  of  the  data.  This  fact 
Is  especially  true  now  that  standard  methods  are  available  for  fatigue 
crack  growth  rate  testing. 

The  question  of  whether  or  not  to  require  the  tabulation  of 
test  data  has  been  encountered  In  developing  other  test  methods  having 
similar  features  to  the  method  under  consideration  here.  ASTM 
Committee  E09  on  Fatigue  has  addressed  this  problem  while  developing 
ASTM  test  methods  E468  and  E606^^^\  Following  the  precldent  establlahed 
by  these  former  efforts.  Section  10.13  of  Appendix  I Indicates  the 
desirability  of  tabulating  and  storing  data  so  that  it  can  be  made 
available  upon  request.  V/hen  appropriate,  this  reporting  option  can  be 
specified  in  contractual  agreements  on  testing  and  research  programs. 
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7 . 3 Mathematical  Representation  ' 

An  important  aspect  of  this  effort,  particularly  with  respect 

to  usage  of  data  in  design,  deals  with  the  evaluation  of  "models" 

which  provide  accurate  analytical  representations  over  wide  ranges  of 

* 

fatigue  crack  growth  rates.  Wide-range  fatigue  crack  growth  rate 
data,  and  mathematical  represeptations  of  these  data,  are  becoming 
increasingly  important  — even  for  many  so-called  "low-cycle  fatigue" 
applications  — since  knowledge  of  low  growth  rates  Is  an  Important 
imput  to  overload-retardation  models  which  are  used  to  predict 
cyclic  lives  under  variable  amplitude  loading 

One  approach,  that  has  been  used  to  "modal"  fatigue  crack  growth 
rate  data  is  to  identify  mathematical  functions  that  Inherently  possess 
a shape  similar  to  the  often  observed  sigmodlal  character  of  wide-range 
log  da/dN  versus  log  AK  results.  Such  functions  generally  Incorporate 
several  constants  that  can  be  determined  by  simple  regression  techniques 
for  a particular  set  of  experimental  data.  Three  such  models  will  be 
discussed  in  greater  detail  in  subsequent  sections. 

Other  models  often  referred  to  in  the  literature  are  the 
Forman  equation  and  the  Walker  equation  which  have  been 

demonstrated  to  adequately  characterize  the  crack  growth  rate  behavior 
in  Regions  II  and  III.  Evaluation  of  such  models  was  not  cor'^ldered 
in  the  present  work  due  to  their  applicability  to  data  over  a limited 
range  of  growth  rates. 

7.3.1  Hyperbolic  Sine  Model 

Annls,  Wallace  and  Sims  have  proposed  the  following 

equation  to  represent  fatigue  crack  growth  rates,  da/dN,  as  a function 
of  stress  intensity  factor  range,  AK. 

A 

The  use  of  the  term  "model"  is  not  intended  to  imply  that  anv  of  Lhe 
mathematical  representations  have  any  fundamental  ph>-.ical  significance. 
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(7-1) 


I 


{log  (■—)  - b^}  - slnh  (b^  log  (AK)  + b^) 


where  b^  thru  b^  are  regression  parameters.  The  hyperbolic  sine 
function  is  symmetric  with  respect  to  the  origin.  Thusi  the  purpose 
of  constants  b^  and  b^  is  to  relocate  the  origin  with  respect  to  the 
log  da/dN  and  log  AK  axes  such  that  the  function  lies  in  the  positive 
quadrant  for  all  realistic  values  of  AK.  The  constants  b^  end  b2 
control  the  shape  of  the  function  to  some  extent.  However,  it  should 
be  noted  that  the  function  described  by  Eq.(7-l)is  symmetric  about  the 
point  of  inflection  which  lies  at  coordinates  given  by  (b^*^^)  on  the 
log  AK  and  log  da/dN  axes,  respectively.  In  other  words,  this  means 
that  da/dN  versus  AK  data  in  Regions  I and  III  should  exhibit  reflective 
symmetry  — a constraint  not  Justifiable  on  anv  empirical  or  physical 
grounds.  The  original  data  supporting  the  validity  of  Eq. (7-1) axtends 
only  over  Regions  II  and  III.  If  wider  range  data  covering  all  three 
regions  of  fatigue  crack  growth  had  been  available,  it  is  not  likely 
that  a good  correlation  between  the  model  and  the  data  could  have  been 
obtained.  Hence,  no  further  work  on  evaluating  this  model  was  undertaken. 


7.3.2  Inverse-Hyperbolic-Tangent  Model 

Colllpriest^®^^  has  proposed  using  the  inverse  hyperbolic 

tangent  function  to  represent  the  sigmoidal  shape  of  the  log  da/dN 

versus  log  AK  curve.  This  model  has  been  shown  to  provide  a good 
(8*5) 

representation'  ' of  wide-range  fatigue  crack  growth  behavior 
at  constant  load  ratios.  The  general  equation  describing  fatigue  crack 
growth  rates  using  this  model  is 


log 


da 

dN 


Cj  + arctanh 


log[(l-R)K^-AK^^^/(AK)‘‘] 


log[AK^. /Cl-R)K  ] 
tn  c 


(7-2) 


where  AK^^  is  the  threshold  stress  intensity  range  for  fatigue  crack 
growth  and  K^  is  the  critic'll  stress  intensity  for  the  onset  of  unstable 
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crack  extension.  Often  fatigue  crack  growth  data  are  only  available 
over  a limited  versus  da/dN  range  and  the  values  of  AKth  and 

are  no  longer  strictly  defined  as  above.  In  auch  caaea  thaaa  limiting 
values  are  selected  to  provide  an  optimum  fit  to  the  data  and  therefore 
are  reduced  to  fitting  parameters  rather  than  material  propartlas. 

Thus,  for  clarity  and  will  be  used  In  place  of  and  K<.(l-Il);  the 

latter  designations  being  reserved  for  material  propartlas.  Mathematically » 
the  constants  and  represent  the  lower  and  uppar  dK  asymptotes, 
respectively.  Following  this  nomenclature  Eq.  (7-2)  becomes 


log  da/dN  ■ ^2 


log  r(C3)(C^)/(dK)*3 
- ^ 


(7-3) 


The  above  equation  can  be  simplified  by  employing  the  following 
mathematical  identify, 


T 1 iiaTr 

arctanh  (x)  • in 

Substitution  of  Eq.  (7-4)  into  (7-3)  gives 

di.r 

dN  "5  I Jog  (C^/AK)J 

where  and  are  constants  for  a given  material,  environment  and 
load  ratio  (R) . The  simpler  form  of  Eq.  (7-5)  relative  to  Eq . (7-2) 
facilitates  computer  analysis  when  determining  the  fitting  constants 
by  regression. 


(7-4) 


(7-5) 


Kc  may  be  geometry  dependent  and  thus  Is  not  necesarlly  a material 
property. 
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7.3.3  Three-Component  Model 

A model  based  on  adding  the  material's  resistance  to  fatigue 
crack  growth  (that  la,  (da/dN)~^)  in  the  three  regions  of  log 
(da/dN)  versus  log  (AK)  has  been  developed  in  this  program.  This  approach 
Is  conceptually  similar  to  that  employed  by  Williams  to  describe 
environment  enhanced  crack  growth  under  static  load.  The 

characterlsltic  equation  describing  da/dN  for  a constant  load  ratio 
and  fixed  environment  Is  given  by 

1 ^2  ^2 

(da/dN)  (AK)®^  (k  (1-r))"2 

c 

where  A.,  n. , A^,  n.  and  K are  constants  that  can  be  obtained  from  the 
112  2 c 

data.  The  three  terms  in  Eq. (7-6) correspond  to  the  three  regions  of  crack 

growth  rates;  transition  regions  are  modelled  by  a combination  of  two 

adjacent  terms.  In  Eq.(7-6)the  exponents  n^^  and  n^  can  be  estimated  by 

equating  them  to  the  slopes  In  Regions  I and  II  respectively  from  a 

plot  of  the  data.  The  value  of  K , which  is  a parameter  characterizing 

c 

the  onset  of  instability  (primarily  a fitting  parameter  and  should  not 

be  confused  with  can  also  be  determined  from  a plot  of  the  data. 

For  materials  that  do  not  exhibit  Region  III,  or  if  growth  rates  are 

not  characterized  in  that  region,  the  last  term  In  Eq.(7-6)ls  set  equal 

to  zero.  Physically,  this  means  that  fatigue  crack  growth  resistance 

does  not  require  adjustment  for  the  static  component  of  cracking 

because  it  is  either  not  important  for  the  material  being  tested,  or 

the  K levels  for  which  data  exist  are  considerably  below  the  fracture 
max 

toughness  of  the  material.  In  addition.  It  should  be  noted  that  also 

( 87) 

setting  A^  equal  to  zero  reduces  Eq.(7-6)to  the  familar  Paris  equation''  ' 
In  Region  II. 

7 . A Regression  Analyses  of  Wide-Range  da/dN-AK  Data 

A detailed  evaluation  of  the  Inverse-hyperbollc-tangent  model 
and  the  proposed  three-component-model  was  undertaken  by  performing 
regression  analyses  on  data  sets  of  2219-T851  aluminum  and  lONl  steel  at 
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Data  Set 
Wo. 

TABLE  7-1 

SPECIMEN  NUMBERS  AND  THE  FATIGUE  CRACK  GROWTH  RATE 
COVERED  IN  THE  VARIOUS  DATA  SETS  USED  FOR  REGRESSION 

Material  R Specimens  Included 

RANGE 

ANALYSES 

da/dN  Range 
(In. /cycle) 

1 

2219-T831  A1 

0.1 

CCP-2,3,  CT-3,4,5,6,11,20 

2 X 10‘® 
-9 

- 8 X 10"^ 

-4 

2 

2219-T851  A1 

0.1 

CCP-2,3i,  CT-3,A,5,6,7,11,20 

4 X 10  ’ 

-7 

- 8 X 10 

-4 

3 

2219-T851  A1 

0.1 

CCP-2,3,  CT-3,4,5,11,20 

10  -8 

-9 

X 10 

-4 

4 

2219-T851  Al 

0.1 

CC?-2,3,  CT-3,4,5,6,7,11,20, 
28,45,49 

10  -8 

-9 

X 10 

-5 

5 

2219-T851  Al 

0.3 

CT-53,57,71,79,56,58 

4 X 10 

-9 

- 6 X 10  ^ 

6 

2219-T851  Al 

0.5 

CT-12,14,52,54,60 

3 X 10 

- 1.3  X 10 

7 

2219-T851  Al 

0.8 

CT-8, 51, 77,19,27 

-9 

10  ^ - 5 

-Q 

X 10“^ 

.A 

8 

lONl  Steel 

0.1 

lONi-31,33,35,3,2,14,20,25 

10-10 

9 

lONi  Steel 

0.8 

lONi-5 , 39 , 9S* , 11 , 28S* , 62S* 

-9 

6 X 10  ^ 

- 2 X lO"^ 

A 

Only  data  satisfying 
Included. 

the  1 

minimum  uncracked  ligament  size  requirement 

are 

142 


various  R values.  Table  7-1  identifies  the  data  sets  that  were  used  for 
the  regression  analyses  and  the  following  sections  sununarlze  important 
results . 

7.4.1  Regression  with  the  Inverse-Hyperbolic-Tangent  Model 

A detailed  description  of  all  results  obtained  using  this 

(88) 

model  have  been  reported  previously.  Hence,  only  a brief  description 

of  results  and  Important  conclusions  will  be  repeated  here. 

Two  types  of  regression  analyses  were  performed;  namely, 

(1)  linear  regression  — parameters  and  in  Eq.  (7-5)  were  estimated 
from  data  plots  and  best  estimates  for  constants  and  were 
determined  by  linear  regression  and  (2)  nonlinear  regression  — Initial 
estimates  of  all  four  parameters  were  provided  and  best  estimates  of 
the  parameters  were  obtained  by  simultaneous  Iteration  and  regression. 

The  results  from  these  analyses  are  provided  In  Table  7-2  and  Fig.  7-1  and 
can  be  summarized  as  follows: 

TABLE  7-2 

REGRESSION  CONSTANTS  FOR  EQ.(7-5)  OBTAINED  FROM 
FATIGUE  CRACK  GROWTH  RATE  DATA  ON  2219-T85I  A1 


ALLOY  (R  - 0 

M) 

Data  Set 
No. 

Type  of  Regression 
Analysis 

^3 

(ksli''^. ) 

^4 

(ksl/in.) 

S 

"6 

rt 

1 

linear 

3.0 

30.0 

5.7  X 10"^ 

1.66 

0.98 

2 

non-linear 

2.42 

27.2 

3.02  X lO"^ 

1.89 

0.99 

3 

non-linear 

3.65 

27.2 

7.7  X lO"^ 

1.52 

0.98 

^r  ■ correlation  coefficient  (1 

ksi/in.  ■ 1. 

1 MPa/m) 

(1) 

For  the  nonlinear  analysis,  the  estimated  values  of  C3  are 

about 

5 

to  10  percent  lees  than  the  smallest  value  of 

AK  In  a particular 

data 

set,  and  the  values  of 

C,  are  about 
4 

5 to  10  percent  greater 

than 

the 

largest  value  of  4K  In 

a data  set. 
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da/dN.  in/cycle 


Curve  695907-A 


AK.  MPa  ^ 


Fig.  7-1 -Comparison  of  axperimentai  and  predicted  crack  growth 
rate  behavior  obtained  from  iinear  and  non-iinear  regression  anaiyses 
using  the  inverse-hyperbolic-tangent  model 
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da/dN.  m/cycie 


1 


k 


1 

( 

) 

I 

( 


(2)  Although  the  global  fits,  characterized  by  the  correlation 

coefficients  (r  In  Table  7-2),  are  very  similar,  there  are 

differences  In  the  local  fits  obtained  using  the  linear  and  non- 
* 

linear  analyses.  This  difference  Is  most  evident  In  Region  III 
where  the  two  curves  can  differ  by  more  than  a factor  of  two 
(Fig.  7-1)  as  the  result  of  relatively  small  errors  (about  lOZ) 

In  graphically  estimating  C. . Obtaining  a best  estimate  of  C., 

*»  4 

using  the  nonlinear  analysis,  improves,  the  fit  In  Region  III  as 
illustrated  in  Fig.  7-1. 

(3)  The  inverse  hyperbolic  tangent  model  Is  capable  of  providing  an 
adequate  fit  to  wide-range  da/dN  data  at  a constant  load  ratio  (R) . 

Further  evaluations  of  this  model  in  terms  of  the  influence  of 
its  asymptotic  nature  on  life  predictions  and  its  utility  for  representing 
load  ratio  (R)  effects  are  considered  in  Sections  7.5.2  and  7.6, 
respectively . 

7.4.2  Regression  with  the  Three-Component  Model 

The  evaluation  of  this  model  was  limited  to  the  simple  linear 
regression  analysis  which  Involved  Inputlng  estimates  for  the  exponents 
n^  and  the  parameter  in  Eq.  (7-6);  corresponding  best  estimates  of 
parameters  and  A^  were  then  obtained  using  multlple-llnear- 
regresslon. 

An  alternate  form  for  Eq.  (7-6)  which  Is  convenient  for  computer 
analysis  is 

TaaTiio  ■ ^ - <=] 

where  C'  ■ 1/ (K^(l-R)  )"2 . Exponents  n^^  and  n^  were  determined  by 
estimating  the  slopes  of  the  log  da/dN  vs.  log  AK  plots  in  regions  I and 
II,  respectively.  The  value  of  C*  can  be  determined  from  inspection 
of  the  Region  III  data. 


The  term  global  fit  refers  to  the  fit  over  the  entire  range  of  data; 
local  fit  refers  to  the  fit  over  a limited  range  of  data. 
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Generally,  when  ualng  multlple-llnear-*regre8slon  of  the  type 
required  for  obtaining  best  estimates  of  coefficients  and  A21  the  sum 
of  the  square  of  residuals  (SSR) , as  given  by  Eq.  (7-8)  la  minimized. 


n 

SSR  - r (y 
. 1-1  ^ 


(7-8) 


where  y^  - Ij^h  observed  value  of  the  dependent  variable  corresponding  to 
the  Independent  variable, 

* predicted  value  of 
n - number  of  data  points 

9 4 

Since  l/(da/dN)  values  ranged  from  10  to  10  In  a majority  of  the  data 
sets  analyzed,  the  contribution  to  the  SSR  Is  much  larger  for  the  higher 
l/(da/dN)  values  In  the  data  set.  This  would  unnecessarily  assign  high 
weights  to  data  In  Region  I and  low  weights  to  — and  perhaps  even 
Ignore  — data  In  Regions  II  and  III.  This  problem  was  resolved  by 
employing  a value  of  SSR  based  on  relative  error.  Instead  of  absolute 
error,  as  follows 


(7-9) 


The  Input  parameters  and  regression  parameters  obtained  for 
data  sets  2 thru  9 are  presented  In  Table  7-3  along  with  the  correlation 
coefficients . 

It  was  observed  that  a significant  amount  of  uncertainty 
was  Involved  In  graphically  determining  the  Input  parameters  n^,  n^  and 

from  plots  of  the  data.  The  amount  of  uncertainty  depended 
on  the  region  of  crack  growth  rate  and  the  scatter  In  the  particular 
data  set.  The  Influence  of  this  uncertainty  on  the  global  and  local 
fits  was  investigated.  The  Index  used  to  evaluate  the  global  fit  was  the 
correlation  coefficient,  r,  and  to  evaluate  the  local  fit  was  a visual 
comparison  between  the  fitted  curve  and  the  data. 
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TABLE  7-3 

tY  OF  DATA  REGRESSION  ANALYSIS  RESULTS  USING  THE  THREE  COMPONENT  MODEL 
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Correlation  coefficient 


In  data  set  6 of  Table  7'’3,  the  value  of  was  varied  between 

11.5  and  IS  while  holding  Imput  parameters  n.  and  K constant.  This 

2 C 

exercise  Is  shown  to  result  in  an  insignificant  difference  in  the 
correlation  coefficient  while  the  local  fit  in  Region  I changed  by 
as  much  as  a factor  of  two  in  predicted  growth  rates,  Fig.  7-2a.  The 
influence  of  the  value  n^  was  investigated  using  data  sat  2.  There 
were  only  marginal  changes  in  the  correlation  coefficient  for  values 
of  1^2  between  3.3  and  A.O.  The  local  fit  in  Region  II  changed  by  less 
than  the  general  scatter  in  the  data,  Fig.  7-2b.  It  was  thus  concluded 
that  within  the  limits  of  accuracy  with  which*  n^^  and  n2  can  be  estimated 
graphically,  there  are  insignificant  differences  in  the  accuracy  of  the 
local  and  global  fits. 

Varying  the  value  of  is  expected  to  influence  the  fit  in 
Region  III  only.  Hence,  data  set  7 which  exhibited  a large  Region  III, 
in  terms  of  its  AK  range,  was  selected  for  study.  Values  of  K 
ranging  from  30.5  to  35.0  ksl*Tn.  (33.55  to  38.5  MPa*^)  were  used  while 
holding  other  input  parameters  constant.  The  significant  influence  of  K 

c 

on  the  corelation  coefficient.  Table  7-3,  as  well  as  the  local  fits  in 
Regions  11  and  III,  Fig.  7-3,  is  evident.  However,  the  differences  in  fit 
(both  global  and  local)  are  not  very  significant  between  velues  of  33 
and  35  ka 1 / in . (36.3  and  38.5  MPa*^) . It  should  be  possible  to  estimate 
a value  of  within  the  above  limits  from  inspection  of  the  data.  Hence, 
picking  an  appropriate  value  of  from  the  plot  of  the  data  is  not 
considered  a limitation  in  using  the  linear  analysis  on  the  three- 
component  model. 

Additional  comments  on  e comparison  of  the  measured  and 
fitted  growth  rates  from  the  above  analyses  are  appropriate.  The 
factor  of  two  disparity  between  fitted  and  measured  rates  In  Region  I 
of  Fig.  7-2a  and  Region  II  of  Fig.  7-3  is  due  to  the  relatively  small 
number  of  data  points  in  these  particular  regions.  Thus,  the  use 
of  a nonlinear  analysis  to  further  optimize  the  fitting  parameters  would 
not  improve  the  fit  significantly  for  these  cases.  These  examples  illustrate 
that  an  even  distribution  of  (da/dN,  AK)  data  is  prcferrable  when 
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AK,  ksi  /in 


Fig.  7 -3- Influence  of  the  value  of  K.  on  the  fit  obtained  for 
2219-T8h  aluminum  alloy  at  a load  rabo  of  0. 8 using  the 
three  component  model 


attempting  to  obtain  optimum  fits  to  wide-range  fatigue  crack  growth  rate 
behavior.  The  Influence  of  this  particular  factor  was  not  further 
explored,  however,  It  is  not  expected  *•3  significantly  influence  the  model 
comparisons  in  subsequent  sections  since  this  factor  will  have  Influenced 
all  models  In  a similar  fashion. 

7 . 5 Cyclic  Life  Predictions  from  Wide  Range  da/dN-AK  Models 
7.5.1  Comparison  of  Predicted  and  Observed  Cyclic  Lives 

In  many  cases  the  ultimate  goal  behind  generating  fatigue 
crack  growth  rate  data,  and  representing  It  by  mathematical  equations, 

Is  to  enable  predictions  of  cyclic  life  ("a"  versus  N)  of  structures 
for  which  Initial  defect  sizes,  geometry  and  stress  Intensity  expressions 
are  available.  Thus,  a rational  basis  for  evaluating  mathematical 
expressions  relating  da/dN  versus  AK  Is  to  compare  cyclic  lives  predicted 
from  these  expressions  with  those  observed  In  experiments. 

Predicted  "a"  versus  N behavior  for  compact  type  specimens  under 
loading  conditions  Identical  to  those  used  for  generating  the  original 
"a"  versus  N data  were  developed  by  Integrating  the  various  regression 
equations.  Both  the  inverse-hyperbolic-tangent  and  three-component  models 
were  thus  evaluated.  Integration  was  performed  numerically  using 
Simpson's  rule.^^^^  Specimens  were  selected  from  various  crack  growth 
regimes  at  stress  ratios  of  0.1  and  0.8  for  both  materials  tested  In 
this  program.  To  facilitate  comparison  of  observed  and  predicted  results, 
the  crack  length  and  number  of  cycles  were  normalized  with  respect  to 
the  observed  final  crack  length  and  the  observed  number  of  cycles  to 
failure,  respectively.  This  normalization  provides  a direct  comparison 
In  terms  of  percentage  deviation.  Detailed  Information  on  the  particular 
specimens  for  which  these  comparisons  were  made  are  given  In  Table  7-4. 
Normalized  cyclic  lives  are  summarized  In  Figs.  7-4  thru  7-6  are  are^ 
discussed  below. 
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TABLE  7-4 

LOAD  AND  CRACK  LENGTH  DETAILS  FOR  WHICH  CYCLIC  LIVES  WERE  PREDICTED 


A 

Specimen  No. 

R 

(in.) 

(in.) 

AP 

(kips) 

Nf 

(cycles  to  failure) 

2219-T851  Aluminum 

2219-4 

0.1 

0.609 

1.5 

0.297 

4.390  X 10^ 

2219-5 

0.1 

0.635 

1.55 

0.180 

3.505  X 10^ 

2219-49 

0.1 

0.620 

0.920 

1.17 

2.542  X 10^ 

2219-8 

0.8 

0.680 

0.800 

0.09 

2.136  X 10^ 

2219-27 

0.8 

0.680 

0.800 

0.30 

2.669  X 10^ 

WNl_St^eel 

ION 1-3 3 

0.1 

1.430 

1.75 

0.085 

3.319  X 10® 

lONl-14 

0.1 

0.603 

1.50 

0.60 

7.075  X 105 

ION  i- 39 

0.8 

0.97 

1.60 

0.091 

15.28  X 10® 

lONl-11 

0.8 

0.593 

1.30 

0.60 

3.221  X 10^ 

R ■ load  ratio,  aj 

: ■ initial  crack  length. 

a£  - final  crack 

length,  N£ 

■ no.  of  cycles 

1 to  failure,  AP 

■ load  range 

All  specimens  are  CT  specimens  with  W - 2 In. , B ■ 1/4  In. 
with  the  exception  of  2219-49  for  which  B ■ 1 In. 

(1  ln.“  25.4  mm,  1.0  kip  ■ 4.45  x 10^  Newtons) 


Normalized  Crack  Length,  a/a^  Normalized  Crack  Length,  a/a 


Fig.  7 - 4 - Comparison  of  the  observed  "a  vs.  N"  behavior  with 
that  predicted  by  the  integration  of  the  growth  rates  as  represented 
by  the  Inverse-Hyperbolic-Tangent  model  for  2219-T85IAI 
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Figure  7-4  ahowo  the  predicted  end  observed  cyclic  lives 
obtained  from  integrating  the  regression  equation  developed  using  the 
nonlinear  analysis  and  the  inverse-hyperbolic-tangent-model  (Table  7-1, 
data  set  2).  The  observed  "a"  versus  N rcaults  correspond  to  data 
from  specimens  2219-4  and  -5  which  were  tested  at  a load  ratio  of  0.1. 

The  differences  between  observed  and  predicted  cyclic  lives  are  10  to 
20  percent.  Comparison  results  obtained  for  these  same  cases  by 
integrating  the  three  component  model  are  given  in  Figs.  7- 5a  and  7“ 5b 
— here  differences  between  observed  and  predicted  lives  of  20  to  25 
percent  were  obtained.  In  all  cases  the  differences  between  observed 
and  predicted  lives  are  consistent  with  the  inherent  scatter  in  the 
(da/dN,  AK)  data.  For  example,  these  deviations  are  equivalent  to 
a da/dN  variability  factor  of  1.5,  or  + 25%,  which  as  Illustrated  in 
Fig.  7-1  is  typical  of  the  da/dN  /arlability  in  data  set  2.  The  above 
results  Indicate  ti.at  both  wide-range  models  provide  comparable 
predictions  for  cases  corresponding  to  (da/dN,  AK)  values  which  lie 

A 

within  the  data  set  used  to  establish  the  regression  equations. 

No  particular  significance  is  ascribed  to  the  fact  that  these 
predictions  irom  both  models  underestimated  the  observed  cyclic  lives. 

Since  predictions  are  being  made  using  regression  equations  which 
represent  the  average  da/dN  response  at  a given  AK,  both  overestimates 
and  underestimates  of  the  observed  lives  will  occur  if  enough  cases 
are  analyzed.  Furthermore,  if  predictions  are  made  for  all  specimens 
contained  within  a data  set,  one  \could  expect  the  deviations  between 
predicted  and  observed  results  to  approach  the  typical  scatter  In  da/dN. 

To  Illustrate  the  above  point,  additional  cases  were  analyzed 
using  the  three-component  model  and  are  summarized  In  Figs. 

7-5  and  7-6.  These  analyses  show  that  deviatic'  between  observed  and 
predicted  results  range  from  essentially  zero  (Fig.  7-5c)  to  about 

* 

Additional  comparisons  of  the  predictive  capability  of  the  two  model  are 
provided  in  Section  7.5.2  for  cases  correspond  to  (da/dN,  AK)  values  ] 

near  the  ends  of,  and  just  beyond,  the  data  set  used  to  establish  the  | 

regression  equations. 


45  percent  (Fig.  7--6a) . The  45  percent  deviation  is  understandable 
since  this  particular  case  corresponds  to  Region  I growth  where  the 
scatter  in  da/dN  is  a large  as  a factor  of  five. 

7.5.2  Extrapolation  Errors  in  Life  Predictions 

An  important  criterion  for  evaluating  the  utility  of  any 
mathematical  representation  of  fatigue  crack  growth  rate  data  is 
the  ease  with  which  these  models  can  be  misused  and  more  importantly 
the  consequences  of  any  such  misuse.  Perhaps  the  most  common  misuse 
of  models  involves  employing  them  beyond  the  (da/dN,  AK)  range  for 
which  their  specific  regression  parameters  were  developed.  Although 
the  dangers  of  extraplatlon  are  generally  recognized,  it  is 
inevitable  that  some  extrapolation  will  occur  when  using  models  in 
design,  particularly  when  Region  I growth  rates  are  involved.  Thus, 
it  is  valuable  to  examine  the  errors  that  are  Incurred  when  extrapolating 
with  each  podel. 

Extrapolations  in  terms  of  AK  are  limited  when  employing  the 
inverse-hyperbolic-tangent  model  since  AK  asymptotes  are  required. 
However,  some  extrapolation  in  terms  of  AK  is  a built-in  feature  of  this 
model,  since  in  order  to  establish  a good  fit,  the  AK  asymptotes  (C^ 
and  C^)  are  typically  5 to  10  percent  beyond  the  range  of  the  data  set 
(Section  7.4.1).  This  small  extrapolation  of  AK  corresponds  to  an 
extremely  large  extrapolation  of  da/dN  since  and  force  da/dN  to 
zero  and  Infinity,  respectively.  These  built  in  extrapolations,  combined 
with  the  dependence  of  and  on  the  extent  of  available  data  are 
sources  of  significant  errors  in  predicting  cyclic  lives.  These  errors 
are  examined  In  the  following  analysis. 

In  a hypothetical  example,  the  regression  equations  for  both 
the  inverse-hyperbolic- tangent  model  and  the  three-component  model  were 
extrapolated  10  percent  beyond  the  lowest  AK  value  In  data  set  2 
(2.72  ksii^^.)  and  "a"  versus  N corresponding  to  this  extrapolated 
growth  rate  regime  was  predicted.  These  predictions  were  subsequently 
compared  with  similar  predictions  from  the  three  component  model 
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Limited  Range  Three  Component 
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Rq.  7-7-  Comparison  of  predicted  cyclic  life  behavior  from  extrapolating  (crio%on^lthefits 
obtained  by  the  three  component  model  and  the  inverse  hyperbolic  tangent  model.  The  solid 
curve  represents  the  predicted  crack  growth  behavior  obtained  from  a fit  owr  a wider  range 
of  data  using  the  three  component  model,  i ksi  (in)l/  2 = 1. 1 MPa  (m ) 2 


which  was  fit  to  data  set  4 and  thereby  Included  a wider  range  of  growth 
rates  than  are  Included  In  data  set  2 (see  Table  7*-l) . As  shown  In 
Fig.  7-7  the  predictions  from  extrapolating  the  narrower  ranged  three- 
component-model  compare  very  well  with  those  obtained  from  the  wider- 
ranged  three-component  model.  However,  the  predictions  from  the 
narrower  ranged  Inverse-hyperbollc-tangent  model  are  In  error  by  a 
factor  of  four.  When  errors  from  the  above  source  occur  while  using 
the  Inverse-hyperbollc-tangent  model  they  will  always  overpredict  the 
life.  The  three-component  model  by  Its  nature  is  much  less  sensitive 
to  this  type  of  error;  furthermore,  the  small  errors  that  do  occur 
will  always  underpredict  the  life. 

As  Is  clearly  demonstrated  by  the  above  analysis,  the 
asymptotic  nature  of  the  Inverse-hyperbollc-tangent  model  can  In  some 
cases  significantly  overestimate  cyclic  life.  In  addition,  the 
strong  dependence  of  the  lower  AK  asymptote  on  the  range  of  available 
data  can  lead  to  the  selection  of  a false  threshold  for  fatigue  crack 
growth,  Both  of  these  factors  can  contribute  to  a nonconservative 

design. 

7.6  Modeling  Load  Ratio  Effects 

The  effect  of  load  ratio  (R)  on  fatigue  crack  growth  rates 
were  Investigated  in  the  present  work  and  Is  discussed  in  Section  4.3.4. 
The  Intent  of  this  section  is  to  further  examine  these  results  and 
formulate  a mathematical  description  of  the  Influence  of  this  loading 
variable  on  da/dN. 

From  a visual  Inspection  of  wide-range  log  (AK)  versus  log 

(da/dN)  data  for  several  R values.  Figs.  4-16  and  4-17,  the  following 

observations  are  significant  when  attempting  to  formulate  mathematical 

models:  (1)  the  dependence  of  da/dN  on  R differs  for  each  of  the  three 

growth  rate  regimes  — thus,  the  effect  of  this  variable  Is  more  complex 

than  can  be  described  by  a parallel  translation  along  either  coordinate 

axis  and  (2)  Region  111  growth  rates,  when  observed,  can  in  some  cases 

be  characterized  by  a single  paramter,  K , (for  example,  K remained 

c c 
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Invariant  between  33  and  35  ksl»^.  for  the  2219-T651  aluminum  alloy 
at  R-values  between  0.1  and  O.B). 


The  various  constants  In  the  Inverse-hyperbolic-tangent 
model  (see  Section  7.3.2)  can  conceivably  be  modified  to  Incorporate 
the  Influence  of  R on  da/dN  as  follows: 


log  da/dN  ••  Cj  (R) 


1 ..  ak 
C^CR) 

log 


C,(R) 


(7-10) 


where  terms  C^(K) , C^(R),  C^(R)  and  C^(R)  are  all  functions  of  R.  The 
functions  C2(R)  and  C^(R)  describe  the  load  ratio  dependencies  In 
Region  I and  III,  respectively.  The  function  C^(R)  for  some  alloys 
such  as  2219"T851  is  simply  K^(l-R),  where  is  a constant  as 
described  previously.  The  functions  C^(R)  and  Cg(R)  control  the  load 
ratio  dependence  in  Regions  II  and  in  transition  regions.  In  fact 
it  may  be  possible  to  determine  a common  value  of  for  data  over  a 
range  of  R-values. 

The  primary  difficulty  in  attempting  to  utilize  the  above 
approach  involves  several  practical  problems  in  determining  C^(R) . As 
discussed  previously  the  value  of  at  any  given  value  of  R,  Is 
closely  linked  to  the  lowest  value  of  AK  in  the  particular  data  set 
one  is  attempting  to  model.  Thus,  for  C^(R)  to  be  exclusively  a 
function  of  R,  the  lowest  growth  rate  in  the  data  set  for  each  R 
value  must  be  Identical.  Since  this  condition  is  rarely  met  in 
currently  available  data,  some  form  of  data  extrapolation  is  necessary 
to  define  at  a constant  da/dN.  The  asymptotic  nature  of  the 

Inverse-hyperbollc-tangent  model  Inherently  limits  such  extrapolations 
and  furthermore,  as  discussed  in  Section  7.5.2,  it  can  result  in 
significant  errors  in  both  da/dN  and  C^.  These  factors  make  the 
definition  of  C^(R)  both  complex  and  amblglous,  thtis  limiting  the 
usefulness  of  the  inverse-hyperbolic  tangent  model  to  represent  wide- 
range  da/dN-AK  data. 
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A mathematical  representation  of  the  R-depeudence  of  da/dN 
using  the  three-component  model  is  simplified  — relative  to  the 
Inverse-hyperbollc-tangent  model  — for  several  reasons.  First,  since 
each  crack  growth  rate  region  Is  represented  by  a separate  component, 
modeling  the  R-dependence,  which  is  specific  to  growth  rate  regime.  Is 
more  efficient  and  straightforward.  Secondly,  the  procedure  for 
defining  the  R-dependence  in  Region  1 is  relatively  insensitive  to  the 
range  of  available  data  at  each  R value  and  thus  is  unamblglous. 

Incorporating  the  Influence  of  load  ratio  (R)  into  the  three - 
component  model  takes  the  following  form: 

^ A (R)  A (R)  A,(R> 

1 _ _1 + _? 2 (7-11) 

(da/dN)  (^K)«l  (aK)“2  (K  (1-R) )"2 

c 

As  indicated  by  Eq.  7-11  it  is  possible  to  identify  common  values  of 
n^^,  and  which  are  applicable  to  a range  of  R values.  The  functions 
A^(R)  and  A2(R)  directly  control  the  load  ratio  dependencies  in  Regions 
I and  II,  respectively.  The  onset  of  Instability  in  Region  III  is 
again  described  by  the  term  K^(l-R). 

Since  A^(R)  values  are  Inversely  related  to  the  Intercepts 
on  the  da/dN  axis,  rather  than  AK  asymptotes  as  in  the  inverse-hyperbollc- 
tangent  model,  the  problem  of  the  Region  I R-dependence  being  sensitive 
to  the  range  of  available  data  is  averted.  The  relative  insensitivity 
of  the  A^  values  to  the  lowest  da/dN  value  in  a data  set  can  be  illustrated 

_9 

using  data  sets  2 and  4 for  which  the  lowest  da/dN  values  are  4 x 10 

_9 

and  1 X 10  in. /cycle,  respectively.  The  corresponding  regression 

13  13 

values  of  A^  for  these  data  sets  are  1.66  x 10  and  1,84  x 10  for 
equivalent  values  of  n^,  n^,  and  Since  these  values  represent  the 

inverses  of  the  predicted  growth  rates  of  AK  «•  1 ksii'^. , they  therefore 
correspond  to  a 10%  variation  in  predicted  growth  rates  — an  insignificant 
difference. 

The  functional  form  of  A^(R)  which  describes  the  Region  1 
R-dependence  for  the  2219-T851  alloy  of  this  study  is  shown  in  Fig.  7-8a. 
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Coefficient  A 


The  coefficient  Is  very  sensitive  to  load  ratio  for  R 
values  between  0.1  and  0.5  and  can  be  described  by  the  following 
equation: 

A^(R)  - 1.41  X 10-^^  (1-R)^^  (7-12) 

For  R values  between  0.5  and  0.8,  A^^  remains  constant  within  the 
limits  of  data  scatter.  For  this  same  material  In  Region  II,  the 
R-dependence,  as  described  by  A^CR),  Is  shown  In  Fig.  7-8b.  Here 
A^  varies  by  only  a factor  of  three  between  R ■ 0.1  and  0.3.  For 
values  of  R between  0.3  and  0.8,  the  variation  In  A^  Is  described  by 

A^CR)  - 4 X 10®  (1-R)°-^^  (7.13) 

The  exponents  in  Eqs.  7-12  and  7-13  provide  a direct  measure  of  the 
strength  of  the  R-dependence  in  Regions  I and  II,  respectively.  Higher 
exponents  correspond  to  stronger  R-dependencles . 

It  Is  appropriate  to  point  out  that,  even  for  a single 
da/dN  region,  no  simple,  single  function  can  adequately  describe  the 
R-dependence  of  crack  growth  rate.  As  Indicated  In  Fig.  7-8,  as 
well  as  in  Section  4.3.4,  R-effects  appear  to  saturate  at  high  R values 
In  Region  I and  at  low  R values  In  Region  II.  This  complexity,  which 
Is  Inherent  In  the  data,  makes  a mathematical  description  of  R- 
effects  difficult,  regardless  of  the  specific  model  employed.  Further- 
more, It  should  be  noted  that  data  for  R < 0 has  not  been  considered  In 
the  above  analysis.  Based  on  the  behavior  observed  at  R >■  -1  for  the 
materials  examined  in  this  work  (Section  4.3.4),  such  a consideration 
would  further  complicate  the  mathematical  modeling  of  R-effects. 

For  the  purposes  of  interpolating  between  R-values,  the  simple 
graphical  representation  using  the  plecewlse-llnear  functions  of  Fig.  7-8 
appears  adequate.  More  complex  functions.  Involving  higher  order  terms 
in  R,  do  not  appear  worthwhile. 

A comparison  of  observed  and  predicted  growth  rates  using  the 
Aj^(R)  and  A2(R)  values  of  Fig.  7-8  ig  provided  In  Fig.  7-9  for  data  on 
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Fig.  7 -9 -Comparison  of  the  fitted  curves  obtained  from  the 
three-component  model  with  experimental  crack  growth  rate 
data  for  2219-T851  aluminum  alloy  at  various  load  ratios 
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Fig. 7-10“  Comparison  of  the  fitted  curves  obtained  from  the 
three-component  model  with  expi^rimental  data  for  a 
10  Ni  steel  at  load  raUos  of  0. 1 and  0. 8 
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da/dN,  m/cycle 


2219-T851  at  several  R values.  Due  to  the  availability  of  less 
extensive  data  on  the  lONl  steel,  a precise  definition  of  A^(R)  and 
A^(R)  is  not  possible  for  this  material.  However,  predicted  curves  — 
using  regression  values  of  A^  and  A^  from  data  at  R values  of  0.1  and 
0.8  — are  given  in  Fig.  7-10  along  with  the  measured  growth  rates. 
Figures  7-9  and  7-10  indicate  that  the  three-component  model  has  the 
flexibility  required  to  describe  complex  load  ratio  dependencies  which 
vary  with  growth  rate  regime.  In  obtaining  the  fitted  curves  Illustrated 
in  Fig.  7-9  and  "-lO,  a linear  regression  analysis  was  employed  and 
common  values  of  n^,  n^  and  were  estimated  using  data  at  R ■ 0.1.  It 

is  felt  that  the  fit  to  data  over  the  entire  R range  would  improve  if  a 
nonlinear  regression  analysis  were  used  to  optimize  n^^,  and  by 
considering  the  combined  data  from  all  R-values . 

7 . 7 Mathematical  Modeling  — Siunmary  and  Recommendations 

The  work  on  wide-range  fatigue  crack  growth  rate  modeling 
which  is  presented  in  the  previous  sections  requires  additional 
development  in  certain  areas  that  were  beyond  the  scope  of  the  present 
program.  Thus,  recommendations  for  future  efforts  are  provided  in  this 
summary . 

The  proposed  three-component  model  has  several  attractive 
features,  however  further  development  and  evaluation  are  advisable. 

Tills  model  has  been  demonstrated  to  have  certain  advantages  over  other 
vide-range  models;  namely,  (1)  its  separate  components  provide  for 
a straightforward  description  of  varalbles,  such  as  load  ratio,  which 
are  specific  to  growth  rate  regime  and  (2)  it  does  not  lead  to  the 
selection  of  a false  threshold  for  fatigue  crack  growth  and 

concomitant  overestimates  of  cyclic  lives  at  low  crack  growth  rates. 

When  employing  the  three-component  model  on  data  at  a single 
load  ratio,  a graphical  estimate  of  several  imput  parameters,  followed 
by  a simple  multiple-linear-regression,  appears  adequate.  However, 
when  dealing  with  data  at  several  load  ratios,  for  which  common  values 
of  fitting  parameters  n^^,  and  are  to  be  selected,  a more 
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systematic  procedure  which  considers  data  at  all  R values  Is  desirable. 
However,  an  optimum  procedure  for  carrying  out  such  an  evaluation 
needs  to  be  defined  and  would  be  the  next  logical  step  to  further 
extend  this  model.  Work  In  this  area  should  also  contribute  to  Improved 
methods  for  characterizing  the  variability  In  d.i/dN-AK  data  and  thereby 
aid  In  the  development  of  Improved  probabilistic  methods  for  utilizing 
da/dN-AK  information. 
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APPENDIX  1 


PROPOSED  METHOD  OF  TEST  FOR  MEASUREMENT 
OF  FATIGUE  CRACK  GROWTH  RATES 


ASTM  E647-78T,  "Tentative  Test  Method  for  Constant-Load-Amplitude 

-8 

Fatigue  Crack  Growth  Rates  Above  10  m/cycle"  appears  in 
the  1978  Annual  Book  of  ASTM  Standards>  Vol.  10. 

The  following  proposed  method  of  test  combines  procedures  for 

-8 

fatigue  crack  growth  rate  testing  above  and  below  10  m/cycle  into 

one  document.  This  document  is  intended  cis  a working  document  for 

ASTM  E24.04  subcommittee  use.  Recommended  procedures  for  estab- 

lishment  of  fatigue  crack  growth  rates  above  10  m/cycle  are  identical 

to  those  of  ASTM  E647-78T.  Paragraphs  denoted  with  asterisk  (*)  contain 

modifications  to  ASTM  E6^7-78T  for  the  purpose  of  incorporating  guide- 

-8 

lines  for  establishment  of  fatigue  crack  growth  rates  below  10  m/cycle. 
The  reader  should  consult  ASTM  E647-78T  for  specific  changes  made  in 
noted  paragraphs. 
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PROPOSED  METHOD  OF  TEST  FOR  MEASUREMENT 
OF  FATIGUE  CRACK  GROWTH  RATES^ 

M 

;! 

1.  SCOPE 

1.1*  This  method  covers  the  determination  of  steady-state  fatigue  crack  growth 

rates  using  either  compact  type  (CT)  or  center-cracked-tension  (CCT)  specimens. 
Results  are  expressed  in  terms  of  the  crack-tip  stress  intensity  range,  defined 
by  the  theory  of  linear  elasticity. 

1.2*  Severa’  different  test  procedures  are  providec^  the  optimum  test  procedure 
being  primarily  dependent  on  the  magnitude  of  the  fatigue  crack  growth  rate 
to  be  measured. 

1.3  Materials  that  can  be  tested  by  this  method  are  not  limited  by  thickness 
or  by  strength  so  long  as  specimens  are  of  sufficient  thickness  to  preclude 
buckling  and  of  sufficient  planar  size  to  remain  predominantly  elastic  during 
testing. 

1.4  A range  of  specimen  sizes  with  proportional  planar  dimensions  is  provided, 
but  size  is  variable  to  be  adjusted  for  yield  strength  and  applied  load.  Specimen 
thickness  may  be  varied  independent  of  planar  size. 

1.5  Specimen  configurations  other  than  those  contained  in  this  method  may 
be  used  provided  that  well  established  stress  intensity  calibrations  are  available 
and  that  specimens  are  of  sufficient  size  to  remain  predominantly  elastic 
during  testing. 

2.  APPLICABLE  DOCUMENTS 
2.1  ASTM  Standards 

E4,  Verification  of  Testing  Machines^ 

2 

E8,  Tension  Testing  of  Metallic  Materials 

1 

This  method  is  under  the  jurisdiction  of  ASTM  E24  on  Fracture  Testing. 

2 

Annual  Book  of  ASTH  Parts  6,  7,  and  10. 
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2 

E337,  Determining  Relative  Humidity  by  Wet-and-Dry  Bulb  Psychrometer 
E338,  Sharp-Notch  Tension  Testing  of  High-Strength  Sheet  Materials  * 

E399,  Plane  Strain  Fracture  Toughness  of  Metallic  Materials^ 

E^>67,  Recommended  Practice  for  Verification  of  Constant  Amplitude  Dynamic 
Loads  in  an  Axial  Load  Fatigue  Testing  Machine^ 

E561-75T,  Recorr.mended  Practice  for  R-Curve  Determination^ 

2.2  ASTM  Data  File 

Research  Report  E24-1001 

3. *  SUMMARY  OF  METHOD 

The  method  involves  cyclic  loading  of  notched  specimens  which  have  been 
acceptably  precracked  in  fatigue.  Crack  length  is  measured,  either  visually  or  by  an 
equivalent  method,  as  a function  of  elapsed  fatigue  cycles  and  these  data  are  subjected  to 
numerical  analysis  to  establish  the  rate  of  crack  growth.  Crack  growth  rates  are  expressed 
as  a function  of  the  stress  intensity  factor  range,  AK,  which  is  calculated  from  expressions 
based  on  linear  elastic  stress  analysis. 

4.  SIGNIFICANCE 

4.1  Fatigue  crack  growth  rate  expressed  as  a function  of  crack-tip  stress  intensity 
factor  range,  da/dN  vs.  AK,  characterizes  a materials  resistance  to  stable 
crack  extension  under  cyclic  loading.  Background  information  on  the  r tionale 
for  employing  linear  elastic  fracture  mechanics  to  analyze  fatigue  crack 
growth  rate  data  is  given  in  Refs.  (1)  and  (2). 

4.1.1  In  innocuour  (inert)  environments  fatigue  crack  growth  rates  are  primarily 
a function  of  AK  and  load  ratio  (R),  or  K and  R. 

iTioX 

Note  1:  AK,  K , and  R are  not  independent  of  each  other, 
max 

Specification  of  any  two  or  these  variables  is  sufficient  to  define 
the  loading  condition.  It  is  customary  to  specify  one  of  the  stress 
intensity  parameters  (AK  or  K ) along  with  the  load  ratio  (R). 

mdX 

^Annual  Book  of  ASTM  Standards,  Parts  6,  7 and  10. 

^Annual  Book  of  ASTM  Standards,  Parts  5,  20,  32  and  4i. 
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Temperature  and  aggressive  environments  can  significantly  affect 
da/dN  vs.  AK,  and  in  many  cases  accentuate  R-effects  and  also  introduce 
effects  of  other  loading  variables  such  as  cyclic  frequency  and  waveform. 
Attention  needs  to  be  given  to  the  proper  selection  and  control  of 
these  variables  in  research  studies  and  in  generation  of  design  data. 

^f.1.2  Expressing  da/dN  as  a function  of  AK  provides  results  which  are  indepen- 
dent of  planar  geometry,  thus  enabling  exchange  and  comparison  of 
data  obtained  from  a variety  of  specimen  configurations  and  loading 
conditions.  Moreover,  this  feature  enables  da/dN  vs.  AK  data  to  be 
utilized  in  the  design  and  evaluation  of  engineering  structures. 

4.1.3  Fatigue  crack  growth  rate  data  are  not  always  geometry-independent 
in  the  strict  sense  since  thickness  effects  sometimes  occur.  However, 
data  on  the  influence  of  thickness  on  fatigue  crack  growth  rate  is 
mixed.  Fatigue  crack  growth  rates  over  a wide  range  of  AK  have 
been  reported  to  either  increase,  decrease  or  remain  unaffected  as 
specimen  thickness  is  increased.  Thickness  effects  can  also  interact 
with  other  variables  such  as  environment  and  heat  treatment.  In 
addition,  materials  may  exhibit  thickness  effects  only  over  the  terminal 
range  of  da/dN  vs.  AK  which  are  associated  with  either  nominal  yielding^ 
or  a K^^^  - controlled  instability.  The  potential  influence  of  specimen 
thickness  should  be  considered  when  generating  data  for  research  or 
design. 

4.2  This  method  can  serve  the  following  purposes; 

4.2.1  To  establish  the  influence  of  fatigue  crack  growth  on  the  life  of  components 
subjected  to  cyclic  loading,  provided  data  are  generated  under  representative 

^ This  condition  will  be  avoided  in  tests  which  conform  to  the  specimen  size  requirements 
of  this  method. 
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conditions,  and  combined  with  appropriate  fracture  toughness  data 
(e.g.,  see  ASTM  E399),  defect  characterization  data,  and  stress  anaiysis 
information  (e.g.,  see  Refs.  3 and  U). 

Note  2t  Fatigue  crack  growth  can  be  significantly  influenced  by  load- 
history.  During  variable  amplitude  loading,  crack  growth  rates  can 
be  either  enhanced  or  retarded  (relative  to  steady-state,  constant- 
amplitude  growth  rates  at  a given  AK)  depending  on  the  specific  loading 
sequence.  This  complicating  factor  needs  to  be  considered  in  using 
constant  amplitude  growth  rate  data  to  analyze  variable  amplitude 
fatigue  problems  (for  example,  see  Ref.  5). 

U.2.2  To  establish  material  selection  criteria,  design  allowables,  and  non- 
destructive inspection  requirements  for  quality  assurance. 

4.2.3  To  analyze  failures  and  formulate  appropriate  remedial  measures. 

4.2.4  To  establish  in  quantitative  terms,  the  individual  and  combined  effects 
of  metallurgical,  fabrication,  environmental  and  loading  variables 

on  fatigue  crack  growth. 

DEFINITIONS 

5.1  Cycle,  one  complete  sequence  of  values  of  applied  load  that  is  repeated 

periodically  in  fatigue.  The  symbol  N represents  the  number  of  cycles. 

3.1.1  Maximum  Load,  P (F)-  the  greatest  algebraic  value  of  applied 

load  in  a fatigue  cycle.  Tensile  loads  are  considered  positive  and 
compressive  loads  negative. 

5.1.2  Minimum  Load,  P . (F)  - the  least  algebraic  value  of  applied  load 

' — min 

in  a fatigue  cycle. 

5.1.3  Load  Range,  AP  ( F)  - the  algebraic  difference  between  the  maximum 
and  minimum  loads  in  a fatigue  cycle. 

5.1.4  Load  Ratio  (also  called  "stress  ratio”),  R - the  algebraic  ratio  of  the 
minimum  to  maximum  load  in  a fatigue  cycle,  i.e.,  R = P^in^^nax* 


181 


5.2 


-3/2 

Stress  Intensity  Factor,  K (FI.  ) - the  magnitude  of  the  ideal-crack-tip 

stress  field  in  a linear-elastic  body.  In  this  method,  mode  1 is  Msumed. 

Mode  1 corresponds  to  loading  such  that  the  crack  surfaces  are  displaced 

apart,  normal  to  the  crack  plane. 

-3/2 

5.2.1  K_  (FL  ) - the  maximum  value  of  stress-intensity  factor  in  a 

max 

fatigue  cycle.  This  value  corres(>onds  to  P . 

rDctx 

-3/2 

5.2.2  K„.  (FL  ) - the  minimum  value  of  stress-intensity  factor  in  a 

min 

fatigue  cycle.  This  value  corresponds  to  when  R > 0 and  is  taken 

to  be  zero  when  R < 0. 

-3/2 

5.2.3  iiK  (FL  ) - the  variation  in  stress-intensity  factor  in  a fatigue  cycle. 


5.3* 


that  is,  K - K . . 

’ max  min 

Note  3:  The  loading  variables  R,  AK,  and  K„  are  related  such  that 
o max 

specifying  any  two  uniquely  defines  the  third  according  to  the  following 
relationship;  AK  = (1-R)K_^  for  R > 0 and  AK  = K for  R < 0. 
Note  I*:  These  operational  stress  intensity  factor  definitions  do  not 
include  local  crack-tip  effects;  for  example,  crack  closure,  residual 
stress  and  blunting. 


Normalized  K-Gradient,C  = ^ (L"*)  - the  fractional  rate  of  change  of 

K with  increasing  crack  length. 

Note  5;  When  C is  held  constant  the  percentage  change  in  K is  constant 
for  equal  increments  of  crack  length.  The  following  identity  is  true  for 
the  normalized  K-gradient  in  a constant-load  ratio  test: 


I HIT  , dK  , dK 

1 . ^ = — t . max  _ 1 . ” min  _ 1 dAK 

K da  ■ K da  ” K da  ~ "aTc  ' "ar" 

max  min  on  oa 

5. 3.1  ^-Increasing  Test  - a test  in  which  the  value  of  C is  nominally  positive. 

For  the  standard  specimens  in  this  method  the  constant-load-amplitude  test 
wiU  result  in  a K-increasing  test  where  the  C value  changes  but  is  always 
positive. 
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5.3.2*  K-Decreasing  Test  - a test  in  which  the  value  of  C is  nominally  negative. 
In  this  method  K-decrcasing  tests  are  conducted  by  shedding  lead, 
either  continuously  or  by  a series  of  decremental  steps,  as  the  crack 
grows. 

Stress  Intensity  Calibration,  K-Calibration  - a mathematical  expression, 
based  on  empirical  or  analytical  results,  which  relates  stress  intensity 
factor  to  load  and  crack  length  for  a specific  specimen  planar  geometry. 

Crack  Length,  a (L)  - the  physical  crack  size  used  to  determine  crack 
growth  rate  and  stress-intensity  factor  in  fatigue.  For  the  CT  specimen, 

"a"  is  measured  from  the  line  connecting  the  bearing  points  of  load 
application  (Fig.  1);  for  the  CCT  specimen,  "a"  is  measured  from  the 
perpendicular  bisector  of  the  central  crack  (Fig.  2). 

Fatigue  Crack  Growth  Rate.  da/dN  or  A a/ A N,  (LT"^)  - crack  extension  caused 
by  fatigue  loading  and  exp>ressed  in  terms  of  crack  extension  per  cycle  of 
fatigue. 

5.7*  Fatigue  Crack  Growth  Threshold.  Ak^^  - that  value  of  AK  at 

which  da/dN  approaches  zero.  For  most  materials  it  is  practical  to  define 
AKth  as  AK  which  corresponds  to  a fatigue  crack  growth  rate  of  10"^® 
m/cycle.  The  procedure  for  determining  this  AK^^  is  given  in  Sec.  9.^. 

6.  APPARATUS 

6.1  Grips  and  Fixtures  for  CT  Specimen  - a clevis  and  pin  assembly 
(Fig.  3)  is  used  at  both  the  top  and  bottom  of  the  specimen  to 
allow  in-plane  rotation  as  the  specimen  is  loaded.  This 
specimen  and  loading  arrangement  is  to  be  used  for 
tension- tension  loading  only. 
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6.1.1  Suggested  proportions  and  critical  tolerances  of  the  clevis  and  pin 
are  given  (Fig.  3)  in  terms  of  either  the  specimen  width,  W,  or  the 
specimen  thickness,  B,  since  these  dimensions  may  be  varied  indepen- 
dently within  certain  limits. 

6.1.2  The  pin-to-hole  clearances  are  designed  to  minimize  friction,  thereby 
eliminating  unacceptable  end-moments  which  would  invalidate  the 
specimen  K-calibrations  provided  herein.  The  use  of  a lubricant  (e.g., 
M0S2)  on  the  loading  pins  is  also  recommended  to  minimize  friction. 

6.1.3  Using  a 1000  MN/m^  (~  150  ksi)  yield  strength  alloy  (e.g.,  AlSl  4340 
steel)  for  the  clevis  and  pins  provided  adequate  strength  and  resistance 
to  galling  and  to  fatigue. 

.2  Grips  and  Fixtures  for  CCT  Specimens  - the  type  of  grips  and  fixtures  to 
be  used  with  the  CCT  specimens  will  depend  on  the  specimen  width,  W 
(defined  in  Fig.  2),  and  the  loading  conditions  (i.e.,  either  tension-tension 
or  tension-compression  loading).  The  minimum  required  specimen  gage 
length  varies  with  the  type  of  gripping,  and  is  specified  so  that  a uniform 
stress  distribution  is  developed  in  the  specimen  gage  length  during  testing. 

For  testing  of  thin  sheets,  constraining  plates  may  be  necessary  to  minimize 
specimen  buckling  (see  ASTM  E561-75T  for  recommendations  on  buckling 
constraints). 

6.2.1  For  tension-tension  loading  of  specimens  with  W < 75  mm  (3  in.)  a 

clevis  and  single  pin  arrangement  is  suitable  for  gripping  provided  that  the 
specimen  gage  length  0.e.,  the  distance  between  loading  pins)  is  at  least 
2W,  Fig.  2.  For  this  arrangement  it  is  also  helpful  to  either  use  brass  shims 
between  the  pin  and  specimen  or  to  lubricate  the  pin  to  prevent  fretting- 
fatigue  cracks  from  initiating  at  the  specimen  loading  hole.  Additional 
measures  which  may  be  taken  to  prevent  cracking  at  the  pin-hole  include 
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attaching  reinforcement  plates  to  the  specimen  (for  example,  see  ASTM 
E338)  or  employing  a "dog-bone'*  type  specimen  design.  In  either  case,  the 
gage  length  is  defined  as  the  uniform  section  and  shall  be  at  least  1.7W. 

This  gage  length  requirement  is  for  all  dog-bone  designs  regardless  of  methods 
of  gripping. 

6.2.2  For  tension-tension  loading  of  specimens  of  uniform  width  and  W > 

75  mm  (3  in.)  a clevis  with  miltiple  bolts  is  recommended  (for  example, 
see  ASTM  E561-75T).  In  this  arrangement  the  loads  are  applied  more 
uniformly,  thus,  the  minimum  specimen  gage  length  (that  is  the  distance 
between  the  innermost  rows  of  bolt  holes)  is  relaxed  to  1.5W. 

6.2.3  The  CCT  specimen  of  uniform  width  may  also  be  gripped  using  a clamp- 
ing device  instead  of  the  above  arrangements.  This  type  of  gripping 

is  necessary  for  tension-compression  loading.  An  example  of  a specific 
bolt  and  keyway  design  for  clamping  CCT  specimens  is  given  in  Fig. 

4.  In  addition,  various  hydraulic  and  mechanical-wedge  systems  which 
supply  adequate  clamping  forces  are  commercially  available  and  may 
be  used.  The  minimum  gage  length  requirement  for  clamped  specimens 
is  relaxed  to  1.2W. 

6.3  Alignment  of  Grips  - it  is  important  that  attention  be  gi\en  to  achieving 
good  alignment  in  the  load  train  through  careful  machining  of  ail  gripping 
fixtures.  For  tension-tension  loading,  pin  or  gimbal  connections  between 

4 

the  grips  and  load  frame  are  recommended  to  achieve  loading  symmetry. 

For  tension-compression  loading  the  length  of  the  load  train  (including  the 
hydraulic  actuator)  should  be  minimized  and  rigid,  non-rotating  joints  should 
be  employed  to  reduce  lateral  motion  in  the  load  train. 
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7.  SPECIMEN  CONFIGURATION,  SIZE  AND  PREPARATION 

7. 1  Standard  Specimens  - the  geometry  of  standard  compact  type  (CT)  and  center- 
cracked-tension  (CCT)  specimens  are  given  in  Figs.  1 and  2,  respectively. 

The  specific  geometry  of  center-cracked-tension  (CCT)  specimens  depends 
on  the  method  of  gripping  as  specified  in  section  6.2.  Notch  and  precracking 
details  for  both  specimens  are  given  in  Fig.  5.  The  CT  specimen  is  not  recom- 
mended for  tension-compression  testing,  because  of  uncertainties  introduced 
into  the  K-calibration. 

7.1.1  It  is  required  that  the  machined  notch,  a^^,  in  the  CT  specimen  be  at 
least  0.2W  in  length  so  that  the  K-calibration  is  not  influenced  by 
small  variations  in  the  location  and  dimensions  of  the  loading-pin  holes. 

7.1.2  The  machined  notch,  2a|^,  in  the  CCT  specimen  shall  be  centered  with 
respect  to  the  specimen  centerline  to  within  + O.OOlW.  The  length 

of  the  machine  notch  in  the  CCT  specimen  will  be  determined  by  practical 
machining  considerations  and  is  not  restricted  by  limitations  in  the 
K-calibration. 

Note  6:  It  is  recommended  that  2a  be  at  least  0.2W  when  using  the 

n 

compliance  method  to  monitor  crack  extension  in  the  CCT  specimen 
so  that  accurate  crack  length  determinations  can  be  obtained. 

7.1.3  For  both  specimens,  the  thickness  (B)  and  width  (W)  may  be  varied 
independently  within  the  following  limits  which  are  based  on  specimen 
buckling  and  crack-front-curvature  considerations: 

i)  For  CT  specimens  it  is  recommended  that  thickness  be  within 
the  range:  W/20  <B  < W/4.  Specimens  having  thicknesses  up 
to  and  including  W/2  may  also  be  employed,  however,  data  from 
these  specimens  will  often  require  through-thickness  crack  curvature 


corrections  (Sec.  9.1).  In  addition,  difficulties  may  be  encountered  ! 

I 

1. 


in  meeting  the  through-thickness  crack  straightness  requirements 
of  Sec.  8.3.3  and  Sec.  8.7.4. 

ii)  Using  the  above  rationale,  the  recommended  upper  limit  on  thick- 
ness in  CCT  specimens  is  W/8,  although  W/4  may  also  be  employed. 
The  minimum  thickness  necessary  to  avoid  excessive  lateral 
deflections  or  buckling  in  CCT  specimens  is  sensitive  to  specimen 
gage  length,  grip  alignment  and  load  ratio  (R).  It  is  recommended 
that  strain  gage  information  be  obtained  for  the  particular  specimen 
geometry  and  loading  condition  of  interest  and  that  bending 
strains  not  exceed  5 percent  of  the  nominal  strain. 

7.2  Specimen  Size-  in  order  for  results  to  be  valid  according  to  this  method 

it  is  required  that  the  specimen  be  predominantly  elastic  at  all  valuec  of 

applied  load.  The  minimum  in-plane  specimen  sizes  to  meet  this  requirement 

are  based  primarily  on  empirical  results  and  are  specific  to  specimen  config- 

(6) 

uration. 

7.2.1  For  the  CT  specimen  it  is  required  that  the  uncracked  ligament,  (W- 
a),  be  equal  to  or  greater  than  where  Oy^  is  the 

0.2%  offset  yield  strength  of  the  test  material  (measured  by  ASTM- 
E8)  at  the  temperature  for  which  fatigue  crack  growth  rate  data  are 
to  be  obtained. 

7.2.2"  For  the  CCT  specimen  it  is  required  that  the  nominal  stress  in  the 
uncracked  ligament,  given  by 


be  less  than  Oy  j. 


Note  7:  The  above  criteria  are  likely  to  be  restrlctivei  that  is,  they 
may  require  overly  large  specimens  sizes  for  materials  which  exhibit 
a high  degree  of  strain  hardening  (e.g.,  annealed  low>alloy  ferritic 
steels,  annealed  austenitic  stainless  steels,  etc.).  Currently  there 
are  insufficient  data  on  these  materials  to  formulate  easily  calculable 
size  requirements  which  are  analogous  to  those  given  above.  However, 
data  from  specimens  smaller  than  those  allowed  by  Section  7.2  may 
be  validated  by  demonstrating  that  da/dN  versus  A K results  are  equiva- 
lent to  results  from  larger  specimens  which  meet  the  requirements 
of  Section  7.2.  Supplementary  information  on  the  extent  of  plastic 
deformation  encountered  in  any  given  test  specimen  can  be  obtained 
by  measuring  specimen  deflections  as  described  in  Appendix  B. 

7.2.3  Figure  6 gives  the  limiting  values,  designated 

are  defined  by  the  above  specimen  size  criteria.  This  information 
is  expressed  in  dimensionless  form  so  that  the  curves  can  be  used  to 
calculate  either:  (i)  the  value  of  for  a given  combination  of 

specimen  size,  W,  and  material  yield  strength,  Oyj,  or  (ii)  the  minimum 
specimen  size  required  to  obtain  valid  data  up  to  a desired  value 
for  a given  material  strength  level.  (However,  it  should  be  noted  that 

the  desired  K value  cannot  be  achieved  if  it  is  greater  than  the 
max  " 

K value  for  unstable  fracture.)  All  values  of  /(dvc  which 

max  r o 

fall  below  the  respective  curves  for  the  two  specimens  satisfy  the 
specimen  size  requirements  of  this  method. 

7.3  Notch  Preparation  - the  machined  notch  for  either  of  the  standard  specimens 
may  be  made  by  electrical-discharge  machining  (EDM),  milling,  broaching 
or  sawcutting.  The  following  notch  preparation  procedures  are  suggested 
to  facilitate  fatigue  precracking  in  various  materials: 
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a)  £DM,p  < 0.25  mm  (0.010  in.)  (p  = notch  root  radius)  - high  strength 

steels,  ^^70  ksi);  titanium  and  aluminum  alloys. 

b)  Mill  or  broach,  p < 0.08  mm  (0.003  in.)  - low/medium  strength  steels, 
Oyj  < 1 172  MPa  (170  ksi),  aluminum  alloys. 

c)  Grind,  p < 0.25  mm  (0.010  in.)  - low/medium  strength  steels. 

d)  Mill  or  broach,  p < 0.25  mm  (0.010  in.)  - aluminum  alloys 

e)  Sawcut  •>  aluminum  alloys. 

Examples  of  various  machined  notch  geometries  and  associated  precracking 
requirements  are  given  in  Fig.  5 (Section  8.3). 

8.  PROCEDURE 

-8 

8.1*  Number  of  Tests  - at  crack  growth  rates  greater  than  10  m/cycle,  range 
in  da/dN  at  a given  A K may  vary  by  about  a factor  of  two.^^^  At  rates  below 
1 0 m/cycle,  the  variability  in  da/dN  may  increase  to  a value  of  about 
five  due  to  increased  sensitivity  of  da/dN  on  small  variations  in  AK.  This 
scatter  may  be  further  increased  by  variables  such  as,  material  differences, 
residual  stresses,  load  precision,  and  data  processing  techniques  which  take 
on  added  significance  in  the  low  crack  growth  rate  regime.  It  is  good  practice 
to  conduct  replicate  tests;  when  this  is  impractical,  tests  should  be  planned 
such  that  regions  of  overlapping  da/dN  vs.AK  data  are  obtained.  Since  confi- 
dence in  inferences  drawn  from  the  data  increases  with  number  of  tests, 
the  desired  number  of  tests  will  depend  on  the  end  use  of  the  data. 

8.2  Specimen  measurements  - the  specimen  dimensions  shall  be  within  the  tolera- 
nces given  in  Figs.  1 and  2. 

8.3*  Fatigue  Precracking  - the  importance  of  precracking  is  to  provide  a sharpened 
fatigue  crack  of  adequate  size  and  straightness  (also  symmetry  for  the  CCT 
specimen)  which  ensures  (1)  the  effect  of  the  machined  starter  notch  is 
removed  from  the  specimen  K-calibration,  (2)  elimination  of  effects  on  subse- 
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quent  crack  gro<vth  rate  data  caused  by  changing  crack  front  shape  or  precrack 
load  history. 

8.3.1  Fatigue  precracking  shall  be  conducted  with  the  sjjecimen  in  the  same 
metallurgical  condition  in  which  it  is  to  be  tested.  The  precracking 
equipment  shall  be  such  that  the  load  distribution  is  symmetrical  with 
respect  to  the  machine  notch  and  K during  precracking  is  controlled 

^ rTioX 

to  within  + 5 percent.  Any  convenient  loading  frequency  that  enables 
the  required  load  accuracy  to  be  achieved  can  be  used  for  precracking. 
The  machined  notch  plus  fatigue  precrack  must  lie  within  the  envelope, 
shown  in  Fig.  5,  that  has  as  its  apex  the  end  of  the  fatigue  precrack. 

In  addition  the  fatigue  precrack  length  shall  not  be  shorter  than 
0.10  B or  h,  whichever  is  greater  (Fig.  5). 

8.3.2  The  final  K during  precracking  shall  not  exceed  the  initial  K 

*Tiax  rn&x 

for  which  test  data  are  to  be  obtained.  If  necessary,  loads  corresponding 

to  K values  higher  than  initial  test  values  may  be  used  to  initiate 

cracking  at  the  machined  notch.  In  this  event  the  load  range  shall 

be  stepped-down  to  meet  the  above  requirement.  It  is  suggested  that 

reduction  in  for  any  step  be  no  greater  than  20  percent,  and 

that  measureable  crack  extension  occur  before  proceeding  to  the  next 

step.  To  avoid  transient  effects  in  the  test  data,  the  load  range  in 

each  step  shall  be  applied  over  a crack  length  increment  of  at 

least  (3/it)  (K_  /Owc)^;  where  K is  the  terminal  value  of 

maX|  Yb  max.  max 

from  the  previous  load  step.  If  P^ir,/Pntax  precracking 

differs  from  that  used  during  testing,  see  precautions  of 
Sec.  8.5.1. 
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8.3.3  Measure  the  fatigue  precrack  length  from  the  tip  of  the  machined 

notch  to  the  crack  tip  on  the  front  and  back  surfaces  of  the  specimen 
to  within  0.10  mm  (.004  in.)  or  0.002W,  whichever  is  greater.  Measure 
both  cracks,  front  and  back,  in  the  CCT  specimens.  If  any  two  crack 
length  measurements  differ  by  more  than  0.025W  or  by  more  than  0.23B, 
whichever  is  less,  the  precracking  operation  is  not  suitable  and  subsequent 
testing  would  be  invalid  under  this  method.  If  a fatigue  crack  departs 
more  than  +5  degrees  from  the  plane  of  symmetry  the  specimen  is 
not  suitable  for  subsequent  testing.  In  either  case,  check  for  potential 
problems  in  alignment  of  the  loading  system  and/or  details  of  the  machined 
notch  before  continuing  to  precrack  to  satisfy  the  above  requirements. 

8.4  Test  Equipment  - the  equipment  for  fatigue  testing  shall  be  such  that  the 
load  distribution  is  symmetrical  to  the  specimen  notch. 

8.4.1  The  load  cell  in  the  test  machine  shall  be  verified  according  to  ASTM 

E4  and  ASTM  E467.  Testing  shall  be  conducted  such  that  both  A P 
and  are  controlled  to  within  + 2 percent  throughout  the 

test. 

8.4.2  An  accurate  digital  device  is  required  for  counting  elapsed  cycles. 

A timer  is  a desirable  supplement  to  the  counter  and  provides  a check 
on  the  counter.  Multiplication  factors  (e.g.,  XIO  or  XI 00)  should  not 
be  used  on  counting  devices  when  obtaining  data  at  growth  rates  above 
10"^  rn/cycle  since  they  can  introduce  significant  errors  in  the  growth 
rate  determination. 

-8 

8.5*  K-lncreasing  Test  Procedure  For  da/dN  > 10  m/cycle  - this  test  procedure 

-8 

is  well  suited  for  fatigue  crack  growth  rates  above  10  m/cycle;  however, 

-3 

it  becomes  increasingly  difficult  to  use  as  growth  rates  decrease  below  10 
m/cycle  because  of  precracking  considerations  (Sec.  8.3.3).  (A  K-decreasing 
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test  procedure  which  is  better  suited  for  rates  below  10  m/cycle  is  provided 
in  Sec.  8.6).  When  using  the  K-increasing  procedure  it  is  preferred  that 
each  specimen  be  tested  at  a constant  AP  and  a fixed  set  of  loading  variables. 
However,  this  may  not  always  be  feasible  when  it  is  necessary  to  generate 
a wide  range  of  information  with  a limited  number  of  spec  mens.  When 
loading  variables  are  changed  during  a test,  potential  problems  arise  from 
several  types  of  transient  phenomenon.  The  following  procedures  should 
be  followed  to  minimize  or  eliminate  transient  effects  while  using  this 
K-increasing  test  procedure. 

8.5.1  If  load  range,  AP,  is  to  be  incrementally  varied  it  should  be  done 

such  that  P is  increased  rather  than  decreased.  This  is  to 
max 

preclude  retardation  of  growth  rates  caused  by  overload  effects; 

retardation  being  a more  pronounced  effect  than  accelerated 

crack  growth  associated  with  incremental  increase  in 

Transient  growth  rates  are  also  known  to  result  from  changes  in 

P_-  or  R.  Sufficient  crack  extension  should  be  allowed  following 
min 

changes  in  load  to  enable  the  growth  rate  to  establish  a steady- 
state  value.  The  amount  of  crack  growth  that  is  required  depends 
on  the  magnitude  of  load  change  and  on  the  material. 

8.5.2  When  environmental  effects  are  present,  changes  in  load  level,  test 
frequency  or  wave  form  can  result  in  transient  growth  rates. 

Sufficient  crack  extension  should  be  allowed  between  changes  in 
these  loading  variables  to  enable  the  growth  rate  to  achieve  a 
steady-state  value. 

8.5.3  Transient  growth  rates  can  also  occur,  in  the  absence  of  loading 
variable  changes,  due  to  long-duration  test  interruptions,  e.g.,  during 
work  stoppages.  In  this  case  data  should  be  discarded  if  the  growth 
rates  following  an  interruption  are  less  than  those  before  the 
interruption. 
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K-Decreasing  Procedure  for  da/dN  <10  m/cycle  - this  procedure  is  started 

by  cycling  at  a A K and  level  equal  to  or  greater  than  the  terminal 

precracking  values.  Subsequently,  loads  are  shed  (decreased)  as  the  crack 

grows  and  test  data  are  recorded  until  the  lowest  A K.  or  crack  growth  rate 

of  interest  is  achieved.  The  test  may  then  be  continued  at  constant  load 

limits  to  obtain  comparison  data  urtder  K-increasing  conditions. 

8.6.1*  Load  shedding  during  the  K-decreasing  test  may  be  conducted 

as  decreeising  load  steps  at  selected  crack  length  intervals,  as 

shown  in  Fig.  7.  Alternatively,  the  load  may  be  shed  in  a continuous 

manner  by  an  automated  technique,  for  example,  by  use  of  an 

(8) 

analog  and/or  digital  computer  . 

8.6.2*  The  rate  of  load  shedding  with  increasing  crack  length  shall 

be  gradual  enough  to  (i)  preclude  anamolous  data  resulting  from 

reductions  in  the  stress  intensity  factor  and  concomitant  transient 

growth  rates,  and  (ii)  allow  the  establishment  of  about  five 

(da/dN,  AK)  data  points  of  appt  oximately  equal  spacing  per 

decade  of  crack  growth  rate.  The  above  requirements  can  be 

1 dK 

met  by  limiting  the  normalized  K-gradient,  fo  * 

negative  value  having  a magnitude  equal  to  or  less  than  0.08  mm  ^ (2  in.  ^). 
That  is, 

I .^1<0.08  mm'^  (2  in.'b 

When  loads  are  incrementally  shed,  the  requirements  on  C 
correspond  to  the  nominal  K-gradient  depicted  in  Fig.  7. 

Note  8s  Acceptable  values  of  C may  depend  on  load  ratio,  alloy 
type  and  environment.  Negative  values  of  C less  than  the  magnitude 
indicated  above  have  been  demonstrated  as  acceptable  for  several 

< steel  aUoys  and  aluminum  alloys  tested  in  laboratory  air  over  a wide 

i ic  g) 

I range  of  load  ratios  ' . 
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S.6.3  If  the  magnitude  of  a negative  value  C exceeds  that  prescribed  in  Sec. 
8.6.2, the  procedure  shall  consist  of  decreasing  K to  the  iowest  growth 
rate  of  interest  followed  by  a K-increasing  test  at  a constant  AP  (con- 
ducted in  accordance  with  Sec.  8.5).  Upon  demonstrating  that  data 
obtained  using  K-increasing  and  K-decreasing  procedures  are  equivalent 
for  a given  set  of  test  conditions,  the  K-increasing  testing  may  be 
eliminated  from  all  replicate  testing  under  these  same  test  conditions. 
8.6.4*It  is  recommended  that  the  load  ratio  (R)  and  C be  maintained  constant 
during  K-decreasing  testing. 

8.6.5*The  K-history  and  load  history  for  a constant  C test  is  given  as  follows: 

(i)  AK  = AK^  exp  (C(a-a^)] , where  AK^  is  the  initial  AK  at  the  start 
of  the  test  and  is  the  corresponding  crack  length.  Because  of  the 
identity  given  in  Sec.  5.3  (Note  5),  the  above  relationship  is  also  true 

max  min 

(ii)  The  load  histories  for  the  standard  specimens  of  this  method  are 
obtained  by  substituting  the  appropriate  K-calibrations  given  in  Sec.  9.3 
into  the  above  expression. 

8.6.6*When  employing  step  shedding  of  load,  as  in  Fig.  7,  the  reduction  in 

of  adjacent  load  steps  shall  not  exceed  10  percent  of  the  previous 

n lox 

Pmax*  Upon  adjustment  of  maximum  load  from  ® lower 

value,  Pfp3x2’  ® crack  extension  of  0.50  mm  (0.02  in.)  is 

recommended. 

8.6.7*When  employing  continuous  shedding  of  load  the  requirement  of  Sec. 

8.6.6  is  waived.  Continuous  load  shedding  is  defined  as 

(P  , - P J / P , < 0.02. 

' maxi  max2  maxi  - 


8.7  Measurement  of  Crack  Length  - fatigue  crack  length  measurements  arc 

to  be  made  as  a function  of  elapsed  cycles  by  means  of  a visual,  or  equiva- 
lent, technique  capable  of  resolving  crack  extensions  of  0.10  mm  (O.OO^f 
in.),  or  0.002W,  whichever  is  greater.  For  visual  measurements,  polishing 
the  test  area  of  the  specimen  and  using  indirect  lighting  aid  in  the  resolution 
of  the  crack  tip.  It  is  recommended  that,  prior  to  testing,  reference  marks 
be  applied  to  the  test  specimen  at  predetermined  locations  along  the  direction 
of  cracking.  Crack  length  can  then  be  measured  using  a low  power  (20  to 
50X)  traveling  microscope.  Using  the  reference  marks  eliminates  potential 
errors  due  to  accidental  movement  of  the  traveling  microscope.  If  precision 
photographic  grids  or  Mylar  scales  are  attached  to  the  specimen,  crack  length 
can  be  determined  directly  with  any  magnifying  device  which  gives  the  required 
resolution. 

8.7.1  It  is  preferrc'd  that  measurements  be  made  without  interrupting  the 
test.  When  tests  are  interrupted  to  make  crack  length  measurements, 
the  interruption  time  should  be  minimized  (e.g.,  less  than  10  min.) 
since  transient  growth  rates  can  result  from  interruptions  of  long 
duration.  To  enhance  resolution  of  the  crack  tip,  a static  load 

not  exceeding  the  maximum  load  of  the  previously  applied  load 
cycle  may  be  applied  during  measurement  interruptions. 

This  procedure  is  permissible  provided  that  it  does  not  cause 
static-load  crack  extension  or  creep  deformation. 

8.7.2  Crack  length  measurements  shall  be  made  at  intervals  such  that  da/dN 
data  are  nearly  evenly  distributed  with  respect  to  AK.  The  following 
measurement  intervals  are  recommended  according  to  specimen  type: 

(i)  CT  specimen;  Aa<0.02W  for  0.25  <a/W  <0.60 

Aa<0.01W  for  a/W  > 0.60 

(ii)  CCT  specimen;  A a < 0.03W  for  23/W  < 0.60 

A a <0.02W  for  2a/W  > 0.60 
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In  any  case  the  minimum  A a shall  be  0.2?  mm  (0.01  in.)  or  ten  times 
the  crack  length  measurement  precision^,  whichever  is  greater. 

8.7.3  If  crack  length  is  monitored  visually  the  following  procedure  applies. 

For  specimens  with  B/W  < 0. 1 5,  the  length  measurements  need  only 
be  made  on  one  side  of  the  specimen.  For  specimens  with  B/W  >0.13, 
measurements  are  to  be  made  on  both  front  and  back  sides  of  the  specimen 
and  the  average  value  of  these  measurements  (2  values  for  the  CT 
specimen,  4 values  for  the  CCT  specimen)  used  in  subsequent  calculations. 

8.7.4  If  at  any  point  in  the  test  the  average  througlvthickness  fatigue  crack 
departs  more  than  +3  degrees  from  the  plane  of  symmetry  of  the  specimen, 
the  data  are  invalid  according  to  the  method.  In  addition,  data  are 
invalid  where. any  two  surface  crack  lengths  at  a given  number  of  cycles 
differ  by  more  than  0.023W  or  by  more  than  0.23B,  whichever  Is  less. 

9.  CALCULATIONS  AND  INTERPRETATION  OF  RESULTS 

9.1  Crack  Curvature  Correction  - after  completion  of  testing  the  fracture  surfaces 
shall  be  examined,  preferably  at  two  locations  (for  example,  at  the  precrack 
and  terminal  fatigue  crack  lengths),  to  determine  the  extent  of  through-thickness 
crack  curvature.  If  a crack  contour  is  visible,  calculate  a five  point,  through- 
thickness average  crack  length  per  ASTM  E399,  Sec.  8.2.3.  The  difference 
between  the  average  through-thickness  crack  length  and  the  corresponding 
crack  length  recorded  during  the  test  (for  example,  If  visual  measurements 
were  obtained  this  might  be  the  average  of  the  surface  crack  length  measurements) 
is  the  crack  curvature  correction. 

9.1.1  If  the  crack  curvature  correction  results  in  a greater  than  3 percent 
difference  in  calculated  stress  intensity  at  any  crack  length,  then 

! 

1 the  correction  shall  be  employed  when  analyzing  the  recorded  test 

! 

I data. 

i 

j ^The  crack  length  measurement  precision  is  herein  defined  as  the  standard  deviation  on 

I the  mean  value  of  crack  length  determined  for  a set  of  replicate  measurements. 
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9.1.2  If  the  magnitude  of  the  crack  curvature  correction  either  increases 
or  decreases  with  crack  length,  a linear  interpolation  shall  be  used 
to  correct  Intermediate  data  points.  This  linear  correction  shall  be 
determined  from  two  distinct  crack  contours  separated  by  a minimum 
spacing  of  0.25W  or  B,  whichever  is  greater.  When  there  is  no  systematic 
variation  of  crack  curvature  with  crack  length,  a uniform  correction 
determined  from  an  average  of  the  crack  contour  measurements  shall 

be  employed. 

9.1.3  When  employing  a crack  length  monitoring  technique  other  than  visual, 
a crack  curvature  correction  is  generally  incorporated  in  the  calibration 
of  the  technique.  However,  since  the  magnitude  of  the  correction 

will  probably  depend  on  specimen  thickness,  the  above  correction  proce- 
dures may  also  be  necessary. 

9,2  * Determination  of  Crack  Growth  Rate  - the  rate  of  fatigue  crack  growth 
is  to  be  determined  from  the  crack  length  versus  elapsed  cycles  data  ("a" 
versus  N).  Recommended  approaches  which  utilize  the  secant  or  incremental  polynomial 
methods  are  given  in  Appendix  A.  Either  method  is  suitable  for  the  K-increasing, 
constant  A P test.  For  the  K-decreasing  tests  where  load  is  shed  in  decre- 
merjtal  steps,  as  in  Fig.  7,  the  secant  method  is  recommended.  Where  shed- 
ding of  K is  performed  continuously  with  each  cycle  by  automation,  the 
incremental  polynomial  technique  is  applicable.  A crack  growth  rate  deter- 
mination shall  not  be  made  over  any  increment  of  crack  extension  which 
Includes  a load  step. 

Note  9j  Both  recommended  methods  for  processing  "a"  versus  N data  are 
known  to  give  the  same  average  da/dN  response.  However,  the  secant  method 
often  results  in  Increased  scatter  in  da/dN  relative  to  the  incremental  polynomial 
method,  since  the  latter  numerically  "smooths"  the  data.^^’^^  This  apparent 
difference  in  variability  introduced  by  the  two  metho<te  needs  to  be  coruidered, 
especially  in  utilizing  da/dN  vs.  AK  data  in  design. 

197 


9.3  Determination  of  Stress  Intensity  Range,  AK  - use  the  crack  length  values 
of  Sec.  9.1  and  Appendix  A to  calculate  the  stress  intensity  range  corres- 
ponding to  a given  crack  growth  rate  from  the  following  expressions: 

9.3.1  For  the  CT  specimen  calculate  AK  as  follows: 

AK  =-^  (0.856  + 4.6<wi-  13.320:^  + 1'>.723^  .3.60a‘^) 

B/IP  (1-a)^'^ 

where  a = a/W;  expression  valid  for  a/W  > 0.2.^^®’^^^ 

9.3.2  For  the  CCT  specimen  calculate  AK  consistent  with  the  definitions 
of  Sec.  3.2,  that  is 


- Pmin  R > 0 
max  min 


AP  = P 


max 

in  the  following  expression 


for  R<  0 

(12) 


where  a = 2a/W;  expression  valid  for  2a/W  < 0.93. 

Note  10:  Implicit  in  the  above  expressions  are  the  assumptions  that 
the  test  material  is  linear-elastic  isotropic  and  homogeneous. 


9.3.3  Check  for  violation  of  the  specimen  size  requirement  by  calculating 

KmaxL  F*8'  6).  Data  are  considered  invalid  according 

to  this  method  when  K > K , . 

max  rnaxL 

9.4*  Determination  of  a Fatigue  Crack  Growth  Threshold  - the  following  procedure 
provides  an  operational  definition  of  the  threshold  stress  intensity  factor 
range  for  fatigue  crack  growth,  which  is  consistent  with  the  general 

definition  of  Sec.  3.8: 

(i)  Determine  the  best-fit  straight  line  from  a linear  regression  of  log 

da/dN  versus  log  AK  using  a minimum  of  five  (da/dN,  AK)  data  points 

-9  -10 

of  approximately  equal  spacing  between  growth  rates  of  10  and  10 
lYi/cycle. 

(ii)  Calculate  the  AK  value  which  corresponds  to  a growth  rate  of  10'^^ 
m/cycle  using  the  above  fitted  line— this  value  of  AK  is  defined  as 
AK^^  according  to  the  operational  definition  of  this  method. 
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10.  REPORT 


The  report  shall  Include  the  following  information: 

10.1  Specimen  type  including  thickness,  B,  and  width,  W.  Provide  figures  of  the 
specific  CCT  specimen  design  and  grips  used;  also,  provide  a figure  if  a 
specimen  type  not  described  in  this  method  is  used. 

10.2  Description  of  the  test  machine  and  equipment  used  to  measure  crack  length. 
Also,  state  the  precision  with  which  crack  length  measurements  were  made. 

10.3  Test  material  characterization  in  terms  of  heat  treatment,  chemical  composi- 
tion and  mechanical  properties  (include  at  least  the  0.2%  offset  yield  strength 
and  either  elongation  or  reduction  in  area  measured  according  to  ASTM  E8). 
Product  size  and  form  (e.g.,  sheet,  plate,  forging,  etc.)  shall  also  be  identified. 

10.4  The  crack  plane  orientation  according  to  the  code  given  in  ASTM  E399. 

In  addition,  if  the  specimen  is  removed  from  a large  product  form  give  its 
location  with  respect  to  the  parent  product. 

10.3  The  terminal  values  of  AK,  R,  and  crack  length  from  fatigue  precracking. 

If  precrack  loads  were  stepped-down  state  the  procedure  employed  and  give 
the  amount  of  crack  extension  at  the  final  load  level. 

10.6  Test  loading  variables  including  A P,  R,  cyclic  frequency  and  cyclic  waveform. 

10.7  Environmental  variables  including  temperature,  chemical  composition,  pH 
(for  liquids),  and  pressure  (for  gases  and  vacuum).  For  tests  in  air  report 
the  relative  humidity  as  determined  by  ASTM  E337.  For  tests  in  "inert" 
reference  environments,  such  as  dry  argon,  give  estimates  of  residual  levels 
of  H2O  and  O2  of  the  test  environment  (generally  this  differs  from  the 
analysis  of  residual  impurities  in  the  gas  supply  cylinder).  Report  nominal 
values  for  all  of  the  above  environmental  variables,  as  well  as  maximum 
deviations  throughout  the  duration  of  testing.  Also,  describe  the  material 
employed  in  the  chamber  used  to  contain  the  environment  and  steps  taken 
to  eliminate  chemical/electrochemical  reactions  between  the  specimen 

- environment  system  and  the  chamber. 


T 


10.8  Analysis  methods  applied  to  the  data  including  technique  used  to  convert 

"a"  versus  N to  da/dN,  specific  procedure  used  to  correct  for  crack  curvature 
and  magnitude  of  crack  curvature  correction. 

10.9  The  specimen  K-calibration  and  size  criterion  to  ensure  predominantly 
elastic  behavior  (for  specimens  not  described  in  this  method). 

10.10  Plot  da/dN  as  a function  of  AK.  (It  is  recommended  that  the  independent 
variable,  AK,  be  plotted  on  the  abscissa  and  the  dependent  variable,  da/dN, 

on  the  ordinate*  Log-log  coordinates  are  commonly  used.  For  optimum  data  comparisons 
the  size  of  the  L K-log  cycles  should  be  two-to-four  times  larger  than  the 
da/dN-log  cycles.)  Identify  all  data  which  violate  the  size  requirements 
of  Sec.  7.2  and  Appendix  B. 

10.11  Description  of  any  occurrences  which  appear  to  be  related  to  anomalous 

data  (e.g.,  transients  following  rest  interruptions  or  changes  in  loading  variables). 

10.12*  For  K-decreasing  test^  report  C and  also  initial  values  of  K and  ou 
Indicate  whether  or  not  the  K-decreasing  data  were  verified  by 
K-increasing  data.  Report  the  equation  of  the  fitted  line 

(Sec.  9.4)  used  to  establish  and  any  procedures  used  to  establish 
AKth  which  differ  from  those  of  Sec.  9.4. 

10.13  It  is  desirable,  but  not  required,  to  tabulate  test  results.  When  using  this 
method  of  presentation,  tabulate  the  following  information  for  each  test: 
a,  N,  AK,  da/dN,  and  where  applicable,  the  test  variables  of  Sectioru  10.3, 

10.6,  10.7  and  10.12.  Also,  identify  all  data  determined  from  tests  on 
specimens  which  violate  the  size  requirements  of  Sec.  7.2  and  Appendix  B. 
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Dwn.  6382A83 

2 Holes 


Notes:  1 - Dimensions  are  in  millimeters  (inches) 

2 - A - surfaces  shall  be  perpendicular  and  parallel  as 

applicable  to  within  0.002  W,  TIR. 

3 - The  intersection  of  the  tips  of  the  machined 

notch  (a,^)  with  the  specimen  faces  shall  be  equally 
distant  from  the  top  and  bottom  edges  of  the 
specimen  to  within  0. 0003  W 

Fig.  1 - Standard  compact -type  (CT)  specimen  for  fatigue  crack 
growth  rate  testing. 


Notes:  1 - Dimensions  are  in  millimeters  (inches) 

2 - The  machined  notch  (2  a„)  shall  be  centered  to 

n 

within  4;^  .OOlW 

Fig.  2 ' Standard  center-cracked -tension  (CCT)  specimen  for  fatigue  crack 
growth  rate  testing  whenW^75  mm  (3  in). 
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Notes:  1 - Dimensions  are  in  millimeters  (inches) 

2 - A -surfaces  shall  be  perpendicular  and  parallel 
as  applicable  to  within  0. 05  (0. 002),  TIR 

Fig.  3 - Clevis  and  pin  assembly  for  gripping  CT  specimens 
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A 326  12  27/32 

B 104  4 3/32 
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t Hole/ Slot 
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Minimum  Fatigue  Precrack: 
O.IB  or  h,  whichever  is 
greater 


Fig.  5 - Notch  details  and  minimum  fatigue  prccracking 
reouirements 
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maxL 


Curve  685646-A 


2 a/W  (CCT  Specimen) 

Fig.  6.- Normalized  size  requirements  for  standard  fatigue  crack  growth  specimens. 


208 


LOAD  RANGE  (AP).  OR  STRESS  INTENSITY  FACTOR  RANGE  (AK) 


i 

1 

I 


FIG.  7 TYPICAL  K DECREASING  TEST  BY  STEPPED  LOAD  SHEDDING 


APPENDIX  A 


RECOMMENDED  DATA  REDUCTION  TECHNIQUES 
Secant  Method  - The  secant  or  point-to-pclnt  technique  for  computing  the 
crack  growth  rate  simpiy  involves  calculating  the  slope  of  the  straight  line  connecting 
two  adjacent  data  points  on  the  ’’a”  versus  N curve.  More  formally  expressed  as: 

(da/dN)  = ^ (Al) 

a ^i+1  ■ '^i 

Since  the  computed  da/dN  is  an  average  rate  over  the  (a.^^  - a.)  increment,  the  average 
crack  length,  a = 1/2  (a.^j  + a^),  is  normally  used  to  calculate  AK. 

Incremental  Polynomial  Method  - This  method  for  computing  da/dN  involves 
fitting  a 2nd-order  polynomial  (parabola)  to  sets  of  (2n+l)  successive  data  points,  where 
n is  usually  i,  2,  3 or  The  form  of  the  equation  for  the  local  fit  is  as  follows: 


where 


^i  =^*^^1^-^^^ 


N.-C. 

*^2 


(A2) 


Ni-Ci 

-1  < ( V ^ ^ * * 

- U.2  “ 

and  bg,  bj  and  b2  are  the  regression  parameters  which  are  determined  by  the  least  squares 
method  (that  is,  minimization  of  the  square  of  the  deviations  between  observed  and 
fitted  values  of  crack  length)  over  the  range  aj_^  <a  value S.  is  the  fitted 

value  of  crack  length  at  N..  The  parameters  = i/2(Nj_j^  + Ni+|.j)i>  ^2  ~ ^**^i+n 

-N]  n)*  a*"®  fo  scale  the  input  dataj  thus,  avoiding  numerical  difficulties  in  deter- 
mining the  regression  parameters.  The  rate  of  crack  growth  at  N.  is  obtained  from 
the  derivative  of  the  above  parabola  which  is  given  by  the  following  expression. 


(da/dN)g^  + 2b2(N.-Cj)/C2 

The  value  of  AK  associated  with  this  da/dN  value  is  computed  using  the  fitted  crack 
length,  a^,  corresponding  to  Nj. 


(A3) 
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A Fortran  computer  program  which  utilizes  the  above  scheme  for  n=3,  i.e., 

7 successive  data  points,  is  given  in  Table  Al.^  This  program  uses  the  specimen  K-calibra- 
tions  given  in  Sec.  9.3  and  also  checks  the  data  against  the  size  requirements  given 
in  Sec.  7.2. 

An  example  of  the  output  from  the  program  is  given  in  Table  A2.  Information 
on  the  specimen,  loading  variables  and  environment  are  listed  in  the  output  along  with 
tabulated  values  of  the  raw  data  and  processed  data.  A(MEAS.)  and  A(REG.,  are  values 
of  total  crack  length  obtained  from  measurament  and  from  the  regression  equation 
(eq.  A2),  respectively.  Goodness  of  fit  of  this  equation  is  given  by  the  multiple  correlation 
coefficient,  MCC.  Values  of  DELK  (AK)  and  DA/DN  (da/dN)  are  given  in  the  same 
units  as  the  input  variables  (for  the  example  problem  these  are  Icsir^  and  in./cycle, 
respectively).  Values  of  da/dN  which  violate  the  specimen  size  requirement  appear 
with  an  asterick  and  note  as  shown  in  Table  A2  for  the  final  nine  data  points. 

The  definition  of  input  variables  for  the  program  and  formats  for  these  inputs 
are  given  in  Table  A3. 


It  should  be  noted  that  the  basic  regression  equations  which  are  used  to  calculate 
da/dN  can  also  be  solved  on  a programmable  calculator,  thus  large  electronic 
computer  facilities  are  not  required  to  use  this  technique. 
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APPENDIX  B 


1 

I 
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RECOMMENDED  PROCEDURE  FOR  SPECIMENS  VIOLATING  SECTION  7.2 


This  appendix  presents  a recommended  empirical  procedure  for  use  when 

it 

test  specimens  do  not  meet  the  size  requirements  of  Section  7.2.  This  procedure  is 
of  greatest  utility  for  low  strength  materials,  especially  those  exhibiting  much  monotonic 
and  cyclic  strain-hardening.  Currently  there  are  insufficient  data  on  these  materials 
to  formulate  an  easily  calculatable  size  requirement  which  would  be  analogous  to  those 
specified  in  Section  7.2.  For  this  reason  it  is  recommended,  but  not  required,  that  specimen 
deflections  be  measured  during  testing  in  order  to  provide  quantitative  information 
on  the  extent  of  plastic  deformation  in  the  specimen. 

During  a constant-load-amplitude  fatigue  crack  growth  test  with  commonly 
used  specimen  geometries  the  specimen  load-deflection  behavior  is  influenced  by  plastic 
deformation  as  illustrated  in  Fig.  Bl.  As  the  fatigue  crack  grows  from  length  to 
a^  the  mean  specimen  deflection,  as  well  as  the  compliance  (that  is,  inverse  slope  of 
the  curves  in  Fig.  Bl),  increases  in  a manner  predictable  from  linear-elastic  theory. 
However,  as  the  fatigue  crack  continues  to  grow,  the  mean  specimen  deflection  can 
eventually  becom*  larger  than  the  elastically  calculated  mean  deflection.  This  difference 
is  due  to  e plastic  deflection,  which  is  depicted  for  crack  length  in  Fig, 

Bl. 

The  plasticity  phenomenon  described  above  develops  and  increases  continuously 
as  the  fatigue  crack  grows.  This  development  is  illustrated  in  Fig.  B2  where  both  the 
measured  and  elastically  calculated  deflections,  corresponding  to  minimum  and  maximum 
load,  are  given.  The  increasingly  larger  plastic  deflection  causes  the  measured  deflections, 
^min  ^max'  ^come  increasingly  larger  than  the  elastically  calculated  deflections, 

* The  purpose  of  the  size  requirements  of  Section  7.2  is  to  limit  the  extent  of  plastic 
deformation  during  testing  so  that  results  can  be  analyzed  using  linear-elastic  theory. 
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C 6 

V . and  V _ . However,  for  any  given  crack  length  the  measured  and  elastically 

calculated  deflection  ranges  remain  approximately  equal  (Fig.  B2)  since  the  cyclic 
plasticity  remains  small  (Fig.  Bl). 

Although  the  cyclic  plasticity  remains  small,  it  would  appear  necessary 
to  limit  Limited  data  on  A533-B  steel  ^ indicate  that  crack  growth  rates 

can  be  properly  analyzed  using  linear  elastic  theory  provided 


V . < V 

plastic  - max 

This  condition  can  be  more  conveniently  expressed  in  terms  of  directly  measurable 
quantities  by  using  the  following  relationships  which  are  consistent  with  Fig.  B2. 
Equation  Bl  is  equivalent  to 


and 


thus 


V < 2V 
max  - max 


AV  = V -V  .=V*  -V®. 

max  min  max  min 


max 


AV 


combining  Equations  (B2)  and  (B4)  yields 

V < ^ 
^max  - 1-R 


(Bl) 


(B2) 


(B3) 


(B4) 


(B5) 


When  it  is  necessary  to  generate  data  using  specimens  which  do  not  meet 
the  size  cirteria  of  Section  7.2,  it  is  suggested  that  specimen  deflections  be  measured 
and  that  data  which  violate  equation  B3  be  so  labeled.  Information  of  this  type  will 
provide  data  to  further  test  equation  B5  and  will  hopefully  lead  to  the  formulation  of 
an  easily  calculatable  size  requirement  which  would  be  appropriate  for  all  materials. 


1 


N.  E.  Dowling,  "Fatigue-Crack  Growth  Rate  Testing  at  High  Stress  Intensities", 
Flaw  Growth  and  Fracture,  ASTM  STP631,  American  Society  for  Testing  and 
Materials,  1977,  pp.  139-158. 
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, Load 


Dwg.  6405A44 


Fig.  B1  - Effect  of  plastic  deformation  on  specimen  load  - 
deflection  behavior  during  fatigue  crack  growth  rate 
testing  at  constant  - load  - amplitude. 


a,  Crack  Length 


Fig.  B2  - Suggested  specimen  measurement  capacity  based 
on  comparison  of  measured  (elastic  plus  plastic)  and 
elastic  deflections  during  a constant  - load  amplitude 
fatigue  crack  growth  rate  test . 
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ROLE  OF  CRACK-TIP  STRESS  RELAXATION  IN  FATIGUE  CRACK  GROWTH 

A.  Saxena  and  S.  J.  Hudak,  Jr. 

Structural  Behavior  of  Materials 
Vestlnghouse  R&D  Center 
Pittsburgh,  PA  15235 

ABSTRACT 

This  study  constitutes  an  effort  to  identify  underlying 
processes  which  contribute  to  load  ratio  (R)  effects  in  fatigue  crack 
growth.  Approximate  analytical  expressions  are  developed  for  crack- 
tip  strains  during  steady-state  cyclic  loading.  Using  these  expressions, 
the  strain  history  of  an  element  of  material  which  is  being  approached 

by  the  tip  of  a fatigue  crack  — growing  at  a constant  rate  of  either 

-7  -5  -9  -7 

10  or  10  in. /cycle  (2.5  x 10  or  2.5  x 10  m/ cycle)  was  calculated 

for  load  ratios  of  0 and  0.8.  Applying  these  strain  histories  to  smooth 

axial  fatigue  specimens  of  lONi  steel  and  2219-T851  aluminum  simulated 

the  material's  mean  stress  relaxation  behavior  at  the  crack-tip  and 

associated  cyclic  lives.  The  number  of  cycles  to  failure  correlated 

with  the  simulated  growth  rates.  Also,  mean  stress  relaxation  characteristics 

in  the  crack  tip  region  qualitatively  explain  the  load  ratio  effects  on 

da/dN  which  depend  on  material  type  and  growth  rate  regime.  This 

information  is  likely  to  be  important  to  alloy  development  and  material 

8ex^«ction  for  fatigue  resistance  as  well  as  for  proper  modelling  of 

fatigue  crack  growth  data  at  several  load  ratios. 


INTRODUCTION 


The  fracture  mechanics  approach  to  the  characterization  of  the 

rate  of  growth  of  pre-existing,  sharp  defects  In  engineering  metals 

subjected  to  fatigue  loading  Is  used  widely.  As  identified  by  Paris 

and  Erdogan^^\  the  primary  parameter  controlling  the  rate  of  fatigue 

crack  growth,  (da/dN),  Is  the  stress  intensity  range,  AK,  which 

characterizes  the  elastic  stress  and  strain  range  In  the  vicinity  of 

the  crack-tip.  Another  loading  variable  which  can  Influence  the  fatigue 

crack  growth  rate  is  the  load  ratio  (R  •>  minimum  load/maximum  load).'^  ' 

(3) 

In  1 recent  study  , the  influence  of  load  ratio  was  fully 
characterized  in  a 2219-1851  aluminum  alloy  and  a lONi-steel  for  positive 
R values.  Figs.  1 and  2.  The  wide  range  growth  rates  for  which  data 
were  obtained,  included  the  full  three  region  behavior  for  the  aluminum 
alloy  and  the  first  two  regions  for  the  steel.  This  sigmoidal  shape  is 
characterized  by  increases  in  slopes  of  the  log  (da.MN)  versus  log  (AK) 
plot  in  the  low  (region  1)  and  high  (region  III)  growth  rates  compared 
to  the  intermediate  growth  rates  (region  II).  The  main  conclusions  of 
this  previous  study  can  be  summarized  as  follows:  (i)  In  region  I,  the 
load  ratio  is  an  important  loading  variable  in  both  materials.  (11)  In 
region  II,  the  aluminum  alloy  shows  a significant  effect  of  R,  although 
not  to  the  extent  observed  in  region  I.  (ill)  In  lONi-steel  the 
influence  of  load  ratio  on  da/dN  in  region  II  could  not  be  distinguished 
from  the  general  scatter  in  the  data.  (iv)  In  region  III,  (behavior 
influenced  by  the  onset  of  static  mode  fractuie  — examined  here  only 
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for  the  alumlnun  alloy),  the  load  ratio  was  again  au  important  factor. 

(4) 

Theae  trends  are  in  agreement  with  observations  noted  by  Ritchie  on 

a 300M  steel.  Such  results  demonstrate  that  the  influence  of  load  ratio 

on  fatigue  crack  growth  rate  is  dependent  on  both  material  type  and  the 

grovTth  rate  regime  being  considered. 

Attempts  have  been  made  to  rationalise  the  effect  of  load 

ratio  on  da/dK  by  using  the  phenomenon  of  crack  closure  proposed 

by  £lber^^\  This  phenomenon,  attributed  to  a zone  of  residual 

deformation  left  in  the  wake  of  a growing  fatigue  crack,  assumes  the 

crack  surface  to  be  closed  even  during  a portion  of  the  tensile  loading 

cycle.  It  is  postulated  that  the  portion  of  the  loading  cycle  during 

which  the  crack  remains  closed  is  ineffective  in  propagating  the  crack. 

If  crack  closure  is  a dominant  factor  in  load  ratio  effects,  then 

measuring  the  closure  load  as  a function  of  R and  accounting  for  the 

reduced  load  range  in  terms  of  an  "effective  AK"  should  normalize  data 

generated  at  different  load  ratios.  Despite  some  degree  of  normalization 

(5—8) 

that  has  been  demonstraCud  ^ the  extent  to  which  crack  closure 

(9) 

Influences  fatigue  crack  growth  remains  a controversial  subject. 

The  Intent  of  this  paper  is  to  focus  attention  on  alternate 
or  supplementary  crack-tip  plasticity  phenomena  which  are  likely  to 
Influence  fatigue  crack  growth.  The  individual  and  combined  effects  of 
these  underlying  phenomena  need  to  be  addressed  In  order  to  formulate 
a more  complete  understanding  of  the  fatigue  crack  growth  process  and 
ultimately  aid  in  material  selection  and  alloy  development  for 
preventing  fatigue  failures. 
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The  specific  objectives  of  this  study  were  to  1)  estlnste  how 
cyclic  plasticity  at  the  crack-tip  dictates  the  magnitude  of  mean  stresa 
ahead  cf  a growing  fatigue  crack,  using  analyst  Is  and  neasureiaents  on  a 
lONl  steel  and  a 2219-T851  aluminum  alloy  and  2)  relate  these  mean 
stress  characteristics  to  measured  load  ratio  effects  on  da/dN  in  these 
same  materials.  A similar  approach  has  previously  bean  used  in  attempts 
to  correlate  strain-life  data  obtained  on  smooth  specimens  to  fatigue 
crack  growth  rates  as  a function  of  obtained  on  precracked 

fracture  mechanics  specimens. 


CRACK-TIP  SmSSES  AND  STRAINS 


In  this  section  s slapls  snslysls  to  estlsute  the  maxlmuin  and 

minimum  strains  In  the  plastic  ions  ahead  of  a fatigue  crack  growing  at 

a constant  rate  and  given  load  ratio  is  described,  The  strain  history 

thus  obtained  can  be  applied  to  smooth  axial  faitigue  specimens  and 

corresponding  stress  response  recorded  as  described  in  the  next  section. 

From  the  combination  of  the  above  analysis  and  experiment  a complete 

stress-strain  characterization  of  an  element  of  material  being  approached 

by  a propagating  fatigue  crack  can  be  obtained.  Consider  a cracked 

body  loaded  with  a remote  fatigue  stress,  AS,  which  is  applied  normal 

to  the  plane  of  crack  as  shown  in  Fig.  3.  AS  results  in  a crack  tip 

stress  intensity  range,  AK,  and  a crack  growth  rate,  da/dK.  Figure  A 

shows  a schematic  of  the  stress-strain  behavior  experienced  by  an 

infinitesimal  element,  dx  (such  as  shown  in  Fig.  3),  which  is  located 

at  a distance  x from  the  crack  tip.  The  element  locations  chosen  for 

lllustraclon  are: (a)  beyond  the  monotonlc  plastic  zone,  x > 2rY;  (b) 

between  the  monotonlc  and  cyclic  plastic  zones,  = x < 2t^,  (c)  at 

the  cyclic  plastic  zone  boundary,  x - 2r®;  and  (d)  within  the  cyclic 

plastic  zone,  x < 2r^.  The  "elastic"  stress  distribution  along  the 

(12) 

X axis  is  analogous  to  the  sustcinod  loading  esse  solved  by  Irwin. 

Ao  ■ Aa  “ (la) 

y X 
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) 


0 


(lb) 


At  ■ 

»y 

Since  consldereble  plestlclty  occurs  at  the  crack  tip,  the 

elastic  stress  field,  Eqs.  1»  must  be  modified.  This  modification  can 

(13) 

be  simply  estimated  using  Neuber's  rule  as  follows: 


- (k  ‘ k ) 
t o e 


(2) 


where:  k^  ■ elastic  stress  concentration  factor 

k stress  concentration  factor 
o 

k * strain  concentration  factor 
e 

Combining  the  above  definitions  and  Eq.  la,  we  have 

*t  AS  AS 


(3a) 


, Ao 

V m ■ 

\ AS 


(3b) 


k i 


and  k 


Ac 


AS 


(3c) 


where  Ao  and  Ac  are  the  actual  stress  and  strain  ranges  In  the  crack- 
tip  region.  From  Eqs.  2 and  3 It  can  easily  be  shown  that. 


Ao  • Ae 


X * E 


for  X < 2r» 


(A) 


c is  a constant  of  proportionality  which  will  be  determined  later. 
The  1/x  - type  singularity  predicted  for  the  product  of  stress  and 
strain  ranges  In  Eq.  A Is  similar  to  that  suggested  In  the  work  of 
Hutchinson Rice  and  Rosengren^^^^  and  McClintock^^^^  who  have 
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r«lat«d  crack-tip  straasas  and  atralna  to  tha  path-lndepandant  lint 
Intagral,  Jt  for  sustained  loading  conditions  bayond  nominal  yield. 
Alternate  forms  of  Eq.  4 are  as  follows 


•=1 


max  max  x 


and  0 , ‘ t . " 


“1  <W 


min  min  z * £ 


(5a) 

(5b) 


where 


c^  - c ^ for  (R  > 0) 


(5c) 


0 , c and  a t . are  the  maximum  and  minimum  crack  tip  stresses 

max’  max  min  min  ' 

and  strains  corresponding  to  stress  Intensity  factors  K and  K 

max  mXu 

respectively. 

The  constant  c^  (Eq.  5)  Is  obtained  from  the  monotonlc  plastic 
zone  boundary  conditions 


c - (-^) 
max  ' E ' 


when  X 


K 


max 


■'YS 


) 


2 


for  non-hardening  materials,  the  above  equation  can  be  siabstltuted  Into 
Eq.  5a  to  give 

_ 1 


Thus,  the  final  set  of  equations  describing  the  estimated  maximum, 
minimum,  and  range  of  crack-tip  strains  as  a function  of  distance  from 
the  crack  tip  is  given  by 
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(6.) 


^inax 

^mln 


(K  ) 

SAX 


« 0, 


YS 


»id.> 


It  o, 


YS 


2 

E * X 
2 

E • X 


Ac  “ 


(1+R)  (AK)^ 

1-R  IT  a^g  • E ' X 


(6b) 


(6c) 


Simulating  tha  Strain  History  of  a Crack-Tip  Elenont 

The  atraln  versus  distance  relationship  defined  by  Eq.  6 
can  be  used  to  specify  a test  history  In  terms  of  strain  versus  fatigue 
cycles.  This  strain  history,  %fhen  applied  to  an  axial  fatigue  specimen, 
can  be  considered  to  simulate  the  cyclic  deformation  behavior  experienced 
by  an  element  of  material  being  approached  by  a fatigue  crack.  The 
strain  vs.  cycles  behavior  Is  obtained  by  recognising  that  the  strain 
history  of  a material  element,  dx,  located  at  a distance  x from  the 
crack  tip,  being  approached  by  e fatigue  crack  growing  at  a constant 
rate,  da/dN,  Is  equivalent  to  that  of  an  element  moving  towards  a 
stationary  crack  tip  at  a rate,  -dx/dR.  That  Is, 


and 


. . ift 

dM  dN 


(7a) 


...te,.. 

(da/dN) 


(7b) 
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Not*  th«t|  Zqi  7b  !•  trrlttca  for  an  oloaiaat  vhlch  !■  iaitlally  located 


at  tha  aoaotoalc  plastic  sons  boundary;  In  othsr  vorda,  x • 2t^  vhsn 
N «•  0;  thus  carrying  out  ths  Intsgratlon  In  Bq.  7b  ws  gat, 


, - - 1I(^> 


(7c) 


Substituting  Bq.  7c  Into  Bqa.  6a  and  6b  ws  got 

*Bax  * V • B(2r^  - N^da/dN) 


(Sa) 


and  c ^ ■ 


JBAB- 


aln  ir  o^g  • E(2r^  - N(da/dll) 


(8b) 


Using  Bq.  8,  strain  hlstorlss  vara  calculatad  for  growth  ratas  of 
lO*^  and  10*^  In./cycla  (2.5  x 10  ^ and  2.5  x lO”^  n/cycla)  for 
load  ratios  of  0 and  0.8  for  both  aatarials  Invastlgatad  In  this 
atudy,  Figure  5 shows  a schaisatlc  of  such  a strain  history.  Tha 
above  strain  histories  were  each  applied  to  smooth  axial  fatigue 
spacloans  while  tha  sMsn  stress  relaxation  behavior  was  observed 
using  procedures  described  In  the  next  section. 
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EXPERIW5HTAL  PROCEPURE 
Maf  rial  Characf  rliatlon 

Tha  mattrlala  invaatlgated  in  thla  program  wara  a lOMl-ataal 

and  a 2219'T8S1  aluminum  alloy.  An  axtanalva  charactaricatlon  of  wlda 

ranga  fatlgua  crack  growth  rataa  aa  a function  of  straas  Intanalty  range 

for  savaral  load  ratios  la  available  for  these  materials  from  an 
(3) 

earlier  study  , Figs.  1 and  2.  Tha  steel  and  aluminum  was  obtained 

in  the  form  of  1 in.  (25.4  mm)  and  3 in.  (76.1  am)  thick  plates. 

respectively.  The  chemical  composition  of  these  materials  Is  given  in 

Table  I.  Both  materials  exhibited  uniformity  In  conventional  tensile 

properties  with  respect  to  location  as  well  as  orientation.  Table  II. 

Cyclic  stress-strain  properties,  as  described  by  Eq.  10.  of 

the  two  materials  were  characterized  using  the  Incremental  step  test. 

The  strain-life  curve,  Eq.  11,  was  estimated  by  Dowllng^^^^  using  a 

(18)  (19) 

modification  of  the  procedures  suggested  by  Landgraf'  and  Morrow 
These  properties  are  represented  as  follows: 

4o/2  - A(4c„/2)  (10) 

P 

Ac/2  - ^ (2Nj)^  + cj  (IN^)*^  (11) 

where  A,  n*.  o^.  c^,  b and  c are  fitting  constants  and  Ac^/2  > plastic 
strain  amplitude.  Table  III  lists  the  values  of  the  above  fitting 
constants  for  2219-T851  A1  and  lONi-steel. 


230 


Simulation  T««f 


A cylindrical  spaciman,  \ In.  (6.2  mu)  In  dlamatar  and  ^ In. 
(12.7  odd)  in  gage  length  vaa  uaad  for  the  aimulation  taata.  Table  IV 
aiunmarizaa  the  growth  rates » load  ratios  and  the  corresponding  AK  values 
for  which  the  strain  histories  were  simulated.  The  maximum  and  minimum 
stralu  on  the  smooth  specimen  was  increased  as  a function  of  the  nxmber 
of  cycles  according  to  a schedule  determined  by  Eq.  8 using  step  incre- 
ments of  0.5  percent  on  maximum  strain.  Standard  MTS  servohydraulic 
equipment  was  used  for  these  tests.  Stress-strain  hysteresis  loops 
were  recorded  periodically  to  measure  the  mean  stress  relaxation 
behavior.  The  number  of  cycles  to  failure  were  also  recorded. 
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RESULTS  AND  DISCUSSION 

Prior  to  Interpreting  mean  stress  relaxation  results  obtained 

from  the  crack>tlp  simulation  tests,  an  experimental  justification  of 

the  strain  history  developed  In  an  earlier  section  is  perhaps  In  order. 

The  Intent  of  the  simulation  tests  was  to  duplicate  the  strain  history 

of  an  element  which  Is  Initially  at  the  monotonlc  plastic  zone  boundary 

and  is  subsequently  approached  by  the  tip  of  a fatigue  crack  growing 

at  a constant  rate.  If  the  above  strain  history  is  In  fact  a good 

approximation,  the  number  of  cycles  It  takes  for  the  smooth  specimen  to 

fall  should  Ideally  be  equal  to  the  number  of  cycles  required  for  the 

crack  to  extend  one  monotonlc  plastic  zone  size  In  a crack  growth  test. 

Alternatively,  the  monotonlc  plastic  zone  size  divided  by  the  number 

of  cycles  to  failure  on  the  corresponding  simulation  smooth  specimen 

should  be  equal  to  the  simulated  rate  of  fatigue  crack  growth.  These 

data  are  tabulated  In  Table  V and  demonstrate  the  suitability  of  the 

estimated  strain  histories. 

Mean  Stress  Relaxation  Behavior 

In  a constant  amplitude,  strain  controlled  test,  when  the 
^min 

strain  ratio  ( -°— ) le  other  than  -1,  the  mean  stress  during  fatigue 
^max 

cycling  Is  Initially  non-zero.  In  the  low-cycle-fatigue  regime,  which 
Is  associated  with  considerable  cyclic  plasticity,  the  initial  non-zero 
mean  stress  relaxes  and  quickly  attains  a value  nearly  equal  to  zero. 
However,  in  the  high  cycle  fatigue  regime  which  does  not  Involve  cyclic 
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I. 
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j 
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plasticity  the  mean  stress  remains  approximately  constant.  The  presence 
of  a tensile  mean  stress  Is  associated  with  a significant  decrease  In 
fatigue  llfe^^^\  It  thus  appears  rational  to  characterize  the  mean 
stress  behavior  In  the  crack  tip  region  by  means  of  simulation  tests 
for  various  growth  rates  and  load  ratios  and  then  attempt  to  correlate 
these  results  with  trends  observed  In  the  response  of  da/dN  to  load 
ratio,  R. 

Figures  6 and  7 show  the  residual  mean  stress,  o 

o 

(normalized  with  respect  to  the  0.2Z  yield  strength)  plotted  as  a function 
of  number  of  fatigue  cycles,  N (normalized  with  respect  to  the  cycles  to 
failure,  N^)  for  tests  simulating  various  growth  rates  and  R values  for 
2219-T851  A1  and  lONi  steel,  respectively.  The  same  mean  stress  data 
can  alternatively  be  plotted  against  percent  fatigue  damaage.  This 
representation  Is  more  realistic  because  a large  number  of  total  fatigue 
cycles  in  each  of  the  simulative  tests  were  accumulated  at  low  strain 
ranges,  and  thus  do  not  account  for  a substantial  fraction  of  the  damage 
as  may  wrongly  be  Interpreted  from  Figs.  6 and  7. 

Fatigue  damage  was  calculated  by  using  Miner's  linear  damage 
summation  rule^^^^  given  by: 


N 

z 

i-1 


D 


(12) 


where  D ■ damage,  ■ number  of  fatigue  cycles  at  a given  strain 
range  Ae^,  - number  of  fatigue  cycles  to  failure  at  a constant 
strain  range  Ae^.  For  a particular  strain  range,  was  obtained  from 
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a modified  form  of  Eq.  11  which  accounts  for  the  Influence  of  mean 
(22) 

stress  (o  ) on  the  cycllc^llfe  of  smooth  axial  fatigue  specimen, 
o « 

Ae  o’  - o . 

‘^f  ^^**11^*^ 

Percent  fatigue  damage  was  subsequently  calculated  using  the  following 
equation 

N AN  ^f  AN 

Percent  Damage  “ ( z: — )/(2^  — x 100)  (14) 

1-1  ”fl  1-1  ^^fl 

Figures  8 and  9 present  the  normalized  mean  stress  as  a 

function  of  percent  fatigue  damage  for  2219-T831  A1  and  lONl  steel, 

respectively.  The  following  observations  are  made  from  the  figures: 

(1)  a high  level  of  mean  stress  Is  present  for  a substantial  fraction 

of  the  fatigue  life,  (11)  the  level  of  mean  stress  Is  strongly  dependent 

on  R value,  (111)  at  equivalent  B values,  the  mean  stress  relaxes  more 

readily  In  tests  simulating  growth  rates  of  10  ^ in. /cycle  (2.5  x 10  ^ 

r ''cycle)  as  compared  to  those  corresponding  to  a growth  rate  of 
- 7 -9 

10  in. /cycle  (2.5  x 10  m/cycle),  and  (Iv)  In  general,  the  lONl 
steel  specimens  were  able  to  relax  mean  stress  more  readily  as  compared 
to  the  2219-1851  aluminum  specimens  at  equivalent  growth  rate  levels 
and  R values. 

To  further  Illustrate  the  last  two  observations,  the  difference 
In  the  normalized  mean  stresses  at  R values  of  0.8  and  0,  that  Is 
^°o^°YS^R-0.8  ” ^°o^°YS^R-0’  plotted  as  a function  of  percent 

fatigue  damage  for  the  two  materials  at  the  two  growth  rate  levels 
Investigated,  Fig.  10.  For  both  materials.  It  Is  observed  that  the 
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change  in  normalized  mean  stress  levels  due  Co  an  Increase  in  load  ratio 

-7  -9 

is  significantly  larger  for  growth  rates  of  10  in. /cycle  (2,5  x 10 
m/cycle)  than  for  growth  rate  of  lO”^  in. /cycle  (2.5  x lO”^  m/cycle). 

Also,  the  change  in  mean  scrt-ss  level  due  to  an  Increase  in  stress  ratio 
for  lONl  steel  was  significantly  less  than  for  2219-T851  aluminum  at 
both  growth  rates  investigated.  Based  on  the  above  observations  it  is 
postulated  that  the  load  ratio  effects  in  fatigue  crack  growth  are  directly 
linked  to  the  extent  of  mean  stress  relaxation  in  the  crack  tip  region. 

In  region  II  of  the  da/dN  vs.  AK  relationship  the  strain  histories  in  the 
crack  tip  regions  consist  of  a high  degree  of  cyclic  plasticity  and  thus, 
the  potential  for  relaxing  mean  stresses  is  also  high.  Hence,  fatigue 
crack  growth  rates  are  not  expected  to  be  very  sensitive  to  load  ratio. 

On  the  contrary,  in  region  I the  extent  of  cyclic  plasticity  is  limited, 
thus  causing  high  mean  stresses  to  be  retained  and  consequently  the 
fatigue  crack  growth  races  are  very  sensitive  to  load  ratios. 

It  has  been  demonstrated  here  in  that  the  ability  to  relax 
mean  stresses  is  specific  to  material  type.  These  differences  are 
more  significant  in  region  II  of  da/dN  vs.  AK  relationship  which  is 
associated  with  considerable  cyclic  plasticity.  The  lONl  steel  was 
shown  to  be  more  capable  of  relaxing  mean  stresses  than  2219-T851 
aluminum,  hence  it  would  be  expected  to  exhibit  smaller  changes  in 
growth  rates  as  a function  of  R in  region  II.  The  differences  in  the 
behavior  of  the  aluminum  alloy  and  steel  Investigated  can  be  linked 

to  Che  slip  character  of  the  two  materials.  High  strength  aluminum 

- (23) 

alloys  generally  possess  a planar  slip  character  while  ferritic 
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steels  are  expected  to  e:thlbit  a wavy  slip  mode  associated  with  axtenaive 

cross-slip  on  cecondary  planes.  During  fatigue  loading,  deformation  is 

localized  In  Intense  slip  bands  in  planar  slip  materials  end  is  relatively 

dispersed  and  homogeneous  in  wavy  ellp  materials.  During  strain  controlled 

cycling,  the  wavy  slip  materials  tend  to  stabilise  stresses  more  rsadily 

fll  23  241 

compared  to  planar  slip  materials'  * * * would  be  (orpacted 

to  possess  a higher  capability  to  relax  naan  strsssss  in  the  crack  tip 
region  during  fatigue  creek  growth.  Additional  work  with  different 
type  of  materials,  including  substructure  ehsrsctsrlsstlon  of  the 
fatigued  specimens,  is  needed  to  confirm  this  point. 

All  of  the  above  observations  are  consietunt  with  data  on 
load  ratio  effects  on  da/dN  in  regions  I end  Additional 

research  is  necessary  to  further  quantify  the  Importance  of  crack-tip 
residual  stresses  for  a better  understanding  of  the  mechanisms  of 
fatigue  crack  growth.  Although,  this  relaxation  behavior  and  other 
local  crack  tip  phenomena  such  as  crack  cloaurs,  are  all  related  to  the 
plasticity  which  occurs  at  the  crack  tip,  the  unique  contribution  of 
each  must  be  considered  in  formulating  realistic  physical  models  for 
fatigue  crack  growth. 


it 

As  discussed  in  Ref.  4,  load  ratio  effects  In  region  III  are  likely  to 
be  determined  by  he  presence  of  an  additional  mode  of  cracking  as 
critical  stress  intensity  for  instability  is  approached. 


1 
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SUMMARY  AND  CONCLUSIONS 


Approximate  analytical  relatlonahlps  for  crack-tip  stresses 
and  strains  within  the  monotonlc  and  fatigue  plastic  xoaes  were  developed 
for  cyclic  loading.  The  strain  histories  thus  derived  us  a function  of 
number  of  fatigue  cycles  were  imposed  on  smooth  axial  specimens  of  lONl 
steel  and  2219-1831  aluminum  to  study  the  relaxation  of  mean  stress  as 
a function  of  fatigue  damage.  The  following  conclusions  were  derived 
from  these  results. 

(1)  It  was  demonstrated,  from  the  fatigue  life  data  obtained  on  the 
simulation  tests,  that  the  applied  strain  vs.  elapsed  fatigue 
cycles  are  good  approximations. 

(2)  Load  ratio  effects  commonly  observed  in  fatigue  crack  growth  rate 
data  are  related  directly  to  the  extent  of  mean  j tress  relaxation 
behavior  at  the  crack  tip. 

(3)  The  extent  of  mean  stress  relaxation  at  a given  R value  depends  on 

the  fatigue  crack  growth  regime.  Mean  stresses  were  observed  to 

relax  more  readily  iu  tests  simulating  growth  rates  of  10  ^ in. /cycle 

(2.5  x 10  ^ m/cycle)  compared  to  growth  rates  of  10  ' in. /cycle 
-9 

(2.5  X 10  m/cycle)  thus  explaining  why  load  ratio  effects  are 
stronger  at  the  lower  growth  rate. 

(4)  lONi  steel  <’88  shown  to  be  more  capable  of  relaxing  maan  stresses  in 
the  crack  tip  region  as  opposed  to  2219-T851  aluminum.  This  trend 
was  linked  to  differences  in  slip  character  of  the  two  materials. 
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(5)  Further  work  is  needed  to  quantify  the  crack  tip  residual  stresses 
to  develop  a better  understanding  of  fatigue  irachanlsms.  Ultiaately 
this  can  also  be  used  in  developing  more  realistic  models  for 
fatigue  crack  growth  and  would  be  valuable  information  for  material 
selection  and  alloy  development  leading  to  improved  materials  for 
fatigue  resistance. 
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TABLE  III  - FITTING  CONSTANTS  DEFINING  THE  CYCLIC  STRESS-STRAIN  AND  STRAIN-LIFE  PROPERTIES  OF  THE  TEST 


TABLE  IV  - CRACK  GROWTH  RATES  AND  R VALUES  USED  FOR  TESTS 
SIMULATING  CRACK-TIP  STRAIN  HISTORIES 

da/dN 


Material 

R 

in. /cycle 

m/ cycle 

AK(ksi*^n, 

2219-T851  A1 

0 

10"^ 

2.5  X lO"' 

10.5 

2219-T851  A1 

0 

M 

O 

2.5  X lO"® 

3.5 

-5 

-7 

2219-T851  A1 

0.8 

10  ^ 

2.5  X 10 

6.05 

2219-T851  A1 

0.8 

1 

o 

2.5  X 10“® 

2.05 

lONi-steel 

0 

lO"^ 

2.5  X lO"' 

32.0 

lONi-steel 

0 

1 

o 

2.5  X 10“^ 

8.0 

-5 

-7 

lONi-steel 

0.8 

10  ^ 

2.5  X 10 

31.0 

lONi-steel 

0.8 

10-' 

-9 

2.5  X 10  ^ 

4.2 

1 "1.1  MPa>^ 
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TABLE  V - COMPARISON  OF  THE  TARGETED  GROWTH  RATES  (da/dN)  WITH  THOSE 
ESTIMATED  FROM  THE  CYCLIC  LIFE  OF  THE  SIMULATION  TESTS 
(ar^/Nj) 


Material 

R 

da/dN 
in. /cycle 

in. 

«f 

2r^ 

in. / cycle 

lONl-ateel 

0 

10-" 

.011 

1006 

1.09  X lO" 

lONi-steel 

0 

10-^ 

.000564 

4576 

l.Z  X lO"' 

lONl-steel 

0.8 

10-5 

.212 

20,138 

1.05  X lO" 

lONi-steel 

0.8 

lO"^ 

.004 

37,380 

1.07  X 10" 

2219-T851  A1 

0 

10-5 

.013 

1165 

1.1  X 10“' 

2219-T851  A1 

0 

10'^ 

.0018 

12,476 

1.4  X lO"' 

2219-T851  A1 

0.8 

10-5 

.110 

10,383 

1.06  X 10-' 

2219-T851  A1 

0.8 

10-' 

.0126 

110,951 

1.1  X lO"' 

K 

maxN 

°YS 


2 


Nj  • number  of  cycles  to  failure 

_2 

1 in. /cycle  ■ 2.54  x 10  m/ cycle 
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da/dN.  in/cycle 


Fig.  1 - Wide  range  fatigue  crack  growth  rate  behavior  of  2219-T851 
aluminum  alloy  at  various  load  ratios  (Ref.  3) 


da/dN,  m/cycle 


’ D\</n.  6425A49 


AS 


AS 


Fig.  3 - Semi -infinite  cracked  body  loaded  with  a 
remote  fatigue  stress,  AS 


max 

7rOv/cE(2  r^-  Wa/dN)N) 
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Curve  692929 
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Normalized  Fa.'oue  Cycles,  N/N^ 

Fig.  6 Normalized  mean  stress  as  a function  of  applied 
fatigue  cycles  in  2219-T851AI  tests  which  simulate  crack- 
tip  strain  histories  at  various  growth  rates  and  load  ratios 


Normalized  Fatigue  Cycles,  N/N^ 

Fig.  7 -Normalized  mean  stress  as  a function  of  applied 
fatigue  cycles  in  10  Ni- steel  tests  which  simulate  the 
crack- tip  strain  history  at  various  growth  rates  and  load 
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Fig.  8 -Normalized  mean  stress  as  a function  of  percent 
fatigue  damage  In  2219-T851  Al  tests  which  simulate  crack- 
tip  strain  histories  at  various  growth  rates  and  load  ratios 
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Curve  692931-A 
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Fig.  9 -Normalized  mean  stress  as  a function  of 
percentage  fatigue  damage  in  10  Ni- steel  tests 
which  simulate  crack-tip  strain  histories  at  various 
growth  rates  and  load  ratios 
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Curve  692927-A 


Fig.  10 -Comparison  between  the  stress  relaxation 
behavior  at  R = 0 versus  R = 0. 8 in  2219-T85)  A I 
and  In  10  Ni  steel  at  various  growth  rates 
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